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The trend in urbanization that comes with urban population increase has 
caused a host of environmental problems in modern society today. Moving 
together with this global trend is an increase in housing demand, which has 
caused much further deterioration to the urban environment. Unstructured and 
improper planning of urban morphologies is common in areas of rapid 
urbanization and wind speed is seriously decreased due to the buildings’ 
roughness and geometry within. Air motion within an urban area determines to 
a large extent the local microclimate and one good way to counteract or reduce 
outdoor ventilation problems is to go for urban morphological designs that are 
optimized for good thermal comfort and encourage ample outdoor ventilation 
to dissipate built-up heat within through turbulent transfer, of which is the 
focus of this research.  
 
Based on the literature review, the morphological variables that determine and 
have an association with outdoor ventilation within a Housing and 
Development Board (HDB) precinct area are shown in the table below. Next, 
in order to quantify these variables, morphological indices and the 
methodology to quantify them were developed in Chapter 3. Following up is a 
comprehensive parametric numerical study carried out under Chapter 5 in 
order to study the association of all these quantified variables (in the form of 
morphological indices) with the area-averaged Wind Velocity Ratio (VR) 
index, an indication of the average outdoor ventilation potential within an 
estate at a certain level. The consistent patterns of behavior from the study 
support the first hypothesis that “the differences in area-averaged outdoor 
xii 
 
ventilation within an estate can be explained by the variation of all the seven 
morphological variables”. The general relationships between the 
morphological variables and VR are as shown in the following table. 
 
General relationship between the urban morphological variables and VR 
 
These patterns of behavior have important implications for building and urban 
planning development of residential estates in future and support the 
possibility of using all these variables in the form of morphological indices 
(independent variables) – to build an overall Wind Velocity Ratio model 
using the area-averaged Wind Velocity Ratio (VR) as the dependent variable. 
The development of the models (one for pedestrian level and the other for 
mid-level) was carried out in Chapter 6. The verification and application of the 
models were carried out in Chapter 8 using a ‘proposed future’ HDB estate or 
precinct to study and compare the numerical simulation and predicted 
(modeled) results. The reliability of the prediction models in this exercise 
helps to verify the second hypothesis whereby “The multivariate linear 
regression Wind Velocity Ratio (VR) models, developed from the parametric 
study, can help to predict the impact of any morphological variation on an 
estate’s area-averaged outdoor ventilation”. 
 
Urban Morphological Variables Relationship with  VR 
Pedestrian Level Mid-level 
Orientation (ORIENT) Positive Positive 
Building Shape (BS) Negative Negative 
Gross Building Coverage Ratio (GBCR) Negative Negative 
Geometry (GEO) Positive Positive 
Permeability (PERM) Positive Positive 
Buildings’ Height Variation (HV) Negative Positive 
Staggering of Blocks Arrangement (STAG) Positive Positive 
xiii 
 
The results give an indication of how the different indices, when combined 
will affect or influence the ventilation potential of the whole estate. This is 
very useful because during the early design stage, problems from any initial 
urban design proposals can be pinpointed and proper adjustments administered 
before actual construction commences. This helps to optimize good designs at 
the very early stage and furthermore, comparisons can be made between 
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CHAPTER 1 : INTRODUCTION 
 
1.1 Background and Motivation  
 
Extreme urbanization has resulted in important economic, social, energy and 
environmental problems. The trend in global population increase leads to an 
increased in demand for housing. This, together with growth in 
industrialization, has caused a general deterioration of urban environment. 
Without proper development control, this will result in buildings crowding out 
surrounding rural areas that are rich in vegetation. As a consequence, it causes 
a higher change in heat balance, higher air temperature and lower airflow, 
compared to the surrounding rural areas (Santamouris, 2001).  
 
Urban geometry and thermal properties of urban surfaces have been found to 
be the two main parameters in influencing urban climate in terms of the 
amount of incoming and outgoing radiation and also affects the wind speeds 
(Oke, 1987). This causes heat concentration in urban areas known as urban 
heat island (UHI), which is the temperature difference between urban and 
cooler rural areas.  
 
One good way to counteract or reduce the impacts of urbanization, is to go for 
urban morphological designs that embody the concept of sustainability, 
whereby buildings are optimized for good thermal comfort while at the same 
time, minimizing energy and resources needs. This helps to maximize the 





1.1.1 Reduction of Wind Speed 
 
Wind speed in the urban areas is seriously decreased compared to the 
undisturbed wind speed and its direction may be altered (Santamouris, 2001). 
The roughness of buildings and urban structures (geometry) affects wind 
within the city and slows down wind speeds, thus decrease in natural 
ventilation potential, increasing pollutant concentration and creation of poor 
thermal comfort conditions. One of the causes of UHI is the reduced turbulent 
transfer of heat within streets, due to the decrease in wind speed (Santamouris, 
2001). According to Oke, 70~80% of daytime radiant energy surplus within 
urban canyons is dissipated to air through turbulent transfer (Oke, 1987). The 
balance 20~30% is stored and released in the night.  
 
1.1.2 Research Motivation 
 
Unstructured planning of urban morphologies is common in areas of rapid 
urbanization. Many metropolises suffer from poor ventilation and air quality 
problems due to improper urban planning. The climatology of cities and the 
associated urban engineering have been the subject of considerable research in 
recent years. Such research has tended to deal with the thermal and wind 
regimes of a city with the objective of discovering conditions relevant to the 
inhabitants’ comfort.  
 
Air motion within an urban area determines to a large extent the local 
microclimate hence the building arrangement relative to one another is one of 
the important parameters to be considered by planners and designers. Many 
studies have sought to identify optimum urban canyon ratios for efficient 
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ventilation and pollutant dispersions (Johnson et al., 1973; De Paul and Shieh, 
1986).  
 
The biggest key problem currently in planning development is that there is 
seldom time to make long-term meteorological measurements required to 
understand fully the processes involved, so subjective interpretations of 
existing data (often limited) is frequently necessary. Ultimately, the final 
design of a new development is often a compromise between the qualitative 
estimates of different specialist parties involved, which may not even the 
optimal design solution due to the level of experience and knowledge of the 
individuals involved. There is a need to optimize good designs at a very early 
stage in project planning by developing climate-sensitive, simple and user-
friendly design-cum-assessment tools (basic guidelines and design 
recommendations) which will provide building designers, planners, and 
architects with useful quantified information on the effectiveness of various 
design strategies in providing the desired ventilation and comfort levels in 
outdoor spaces. So far, there has been no comprehensive research done to 
indicate the real impact of design-related morphological variables on outdoor 
ventilation and comfort in residential Housing and Development Board (HDB) 
estates in tropical Singapore.  
 
Research questions that are required to be answered include the following: 
1. What are the possible and desirable microclimate modifications (urban 
design morphological variables) that the planners should aim to achieve 




2. How do these planning and design parameters affect the environmental 
performance of buildings in terms of air flow? (through parametric 
studies) 
3. What are the possible effects of alternative planning proposals on future 
urban ventilation environment? (development of prediction model) 
4. How can the urban ventilation environment be protected or improved 
within the limits imposed by political, economic, social and legal 
restraints? (proposed quantitative guidelines based on this research) 
 
1.1.3 Developments in this Research Area 
 
Due to rapid urbanization in developing countries, environmental issues have 
gained increased attention in cities with tropical climates. The urban 
morphological aerodynamic effects, including building dimensions, upwind 
building configurations, orientation, roof shapes, street canyon dimensions, 
layouts, etc., have been extensively studied mainly with physical modeling 
(wind tunnel) and numerical studies (simulations), few with full-scale field 
experiments. Data sets from the studies are used for evaluation of numerical 
models and for expert estimates of airflow in the urban environment. It 
suggests the possibility to mitigate ventilation problems to a certain extent by 
toying with the morphological relationships, hence increasing human comfort. 
However, most of the studies reviewed are limited to specific aspects of 
isolated morphological cuboids (within a single canyon) in an idealized 
coordinate system and will not reflect the reality of dense geodesic 
environment (Grimmond and Souch, 1994). Furthermore, they were done for 
isolated infinitely long canyons (more 2D vertical cross-section in effect) 
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which are not the same as the study which is conducted in this thesis. To 
complicate matters, many studies on the relationship between urban 
morphology and ventilation adopted different approaches in different works 
and some point to different parameters. There is no common platform of 
studies for comparison and also no general consensus on which parameters are 
the most important.  
 
Apart from the controllable morphological factors in urban areas, there are 
many other factors that are uncontrollable (e.g. meteorological and 
environmental factors), but affects wind flow, thermal comfort and pollutant 
dispersion. But in this study, we will be focusing only on urban morphological 
variables on wind flow in HDB estate areas.  
 
1.1.4 Design Standards for Optimal Ventilation 
 
1.1.4.1 Singapore – HDB Present Situation 
 
The population of Singapore has increased steadily over the years starting 
from independence in year 1965. The current population (Singaporeans, 
permanent residents and non-residents) is around 5.31 million. This is set to 
increase further with a projected annual population growth of 2.5%, all these 
within a total land area of 714.3km2 (mainland and all islands, inclusive of 
reclaimed land) (Department of Statistics Singapore, 2012). The latest target 
by the Singapore government is to increase the population to 6.9 million by 
2030 with Singaporeans expected to make up a little more than half or 55% of 
the projected population. At this land size, Singapore has very limited land 
with which to juggle the needs to the people and a growing economy. After 
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setting aside land for the necessary infrastructure like airports, ports, sewage 
treatment plants and water catchments, the planners are left with no more than 
50% of the land to use for homes, offices, factories, roads, parks and schools. 
This leads to an intensification of pressure on land use for HDB housing, 
which currently accommodates an approximation of 80% Singapore’s 
population (Associated Press, 2007). Land available for public housing needs 
to be utilized more efficiently in future for long-term overall development 
needs. E.g. flats nowadays are built closer to each other; higher block heights 
are adopted (subject to the allowable height limits at the area), increase in 
allowable plot ratios and unit floor areas (for each apartment) have become 
smaller. 
 
One classical example that HDB is moving towards higher density designs is 
‘The Pinnacle @ Duxton’, located at Tanjong Pagar area in a 2.5 hectare site 
at Duxton Plain. The total height of this development is 50 stories, with a plot 
ratio of 8, currently the highest public housing in Singapore (Lim, 2001; MND 
et al., 2002). More of this type of development is being planned in the near 
future.  
 
Insofar, the following are some of the building guidelines that HDB has for all 
public housing development:  
• Public Housing Design Guide: Principles and Practice (HDB, 2005). 
• Universal Design Guide for Public Housing in Singapore (HDB, 2006). 





In the 1960s, there was no established guideline on minimum block spacing 
for HDB developments. In general, the architects used the average height of 
two blocks to determine the appropriate spacing between buildings (Wong and 
Yeh, 1985). In the early 1970s, the first set of guidelines was adopted. The 
guideline on minimum building spacing for two parallel and rectangular 
buildings was derived from the formula D = HL + 0.5HD + 0.1HU, where D is 
the minimum building spacing, HL is the vertical overlap of two buildings, 
HD is the difference of ground levels of two buildings and HU is the 
difference of roof levels of the two buildings, subjected to D not less than 
18.30m.  
 
According to the latest Public Housing Design Guide (HDB, 2005), it states 
that the spacing between buildings should be generally determined based on: 
• Storey height of buildings – a wider spacing is required between taller 
buildings. 
• Overlap distance of the buildings – a wider spacing is required for 
buildings with larger overlap. 
• Building relationship, in terms of (1) front/rear to front/rear; (2) 
front/rear to side; (3) side to side; (4) front/rear to multi-storey car park; 
(5) side to multi-storey car park. Wider spacing is provided for facades 
with openings and facades with openings are considered the front or 





However, there are no quantitative values for the spacing explicitly stated 
inside the guideline. Figure 1.1 shows the definitions of what are an 
overlapping area and the average height of two opposing buildings.  
 
 
Figure 1.1: The definition of average height and overlapping area between opposing 
buildings (HDB, 2005) 
 
 
In terms of blocks orientation, there is some mention on it in the guidelines, 
but the emphasis is more on the area of solar radiation (HDB, 2005). The Solar 
Radiation Index (R) computes the ‘average’ orientation of all blocks in the 
development. The ideal orientation of a development is one that is not 








There is no explanation on which principle the above guidelines are based on. 
Furthermore, there is no other mentioned of any guidelines pertaining 
specifically to the optimization of ventilation. Little research has been done on 
the relationship between an urban design and its propensity to mitigate heat 
island through ventilation availability. 
 
1.1.4.2 Other Countries’ Situation 
 
Hong Kong 
In 2003, after HK was hit by Severe Acute Respiratory Syndrome (SARS) 
from which many died, there were calls for measures to improve the air 
quality of urban environment (Ng, 2009). The Team Clean proposed to 
examine the practicality of stipulating Air Ventilation Assessment (AVA) as 
one of the considerations for all major development or redevelopment 
proposals in present and future planning. A study entitled: “Feasibility Study 
for Establishment of Air Ventilation Assessment (AVA) System” was initiated 
by the Planning Department of Hong Kong, together with a consulting team 
coordinated by the Chinese University of Hong Kong (CUHK). Objective of 
this is to explore the feasibility of establishing some protocols to assess the 
effects of major planning and development proposals on external air 
movement for achieving an acceptable macro level wind environment. It was 
recommended that AVA be carried out for different design options to identify 
better design scenarios and potential problem areas, based on Wind Velocity 
Ratio (VR) as an indicator. A higher indicator means more ventilation, hence a 
better design. The ultimate aim of this study is to develop quantitative design 
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Adolphe attempted in his research, to analyze urban morphology by using 
simple geometrical and topological indicators and then simulate the 
relationship between urban form and climate at an intermediate scale 
corresponding to a neighborhood (500×400m) (Adolphe, 2001). This was 
being done by developing a simplified spatial model relying on the set of 
morphological indices typical to environmental performance or urban fabric: 
rugosity, porosity, sinuosity, occlusivity, compacity, contiguity, solar 
admittance and mineralization. These can be used by urban planners during 
the preliminary designs of real projects. The prototype software called 
Morphologic has been developed on a standard Geographical Information 
System (GIS) shell which data (morphological indicators) can be measured off 
and inputted during the design process. In the next stage when the research 
becomes more advanced (after establishing statistical relationships between 
the indicators and various climatic parameters), boundary conditions will be 
inputted and the results of outdoor climate conditions, energy balance of 
buildings, pollutant diffusion, etc can be obtained, based on the fundamental 
law of physics and statistical approaches.  
 
In terms of airflow study, the morphological variable involved in Adolphe’s 
study is namely rugosity, porosity and sinuosity only. But from the literature 
review in Chapter 2, there are more variables other than that postulated by 
Adolphe that affects outdoor ventilation.  
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1.2 Research Objectives  
 
In real situations, airflow in a densely constructed region is complicated. 
Based on the status and limitations of the researches available so far, it is 
important to investigate ventilation potential of outdoor spaces in HDB estates 
in Singapore. Design tools can be developed from the research that can offer 
simplified analysis of outdoor ventilation (and microclimate) tendencies, 
sustained environmental evaluation of an estate, inter-district, estate or city 
comparisons, or modeling of climatic effect on future urban planning.  
 
The objectives of this research are stated hereby as follows: 
1. To standardize the description and quantification of each morphological 
variable (morphological indices) that affects wind flow in a HDB estate. 
This is to facilitate the comparison of influence and correlation of each 
morphological variable to the dependent variable VR.  
2. To investigate the impact of each design-related morphological variable 
on macro-level wind ventilation in HDB residential developments in 
Singapore, (through parametric studies) in order to understand their 
possible design implications on ventilation at an estate level – to 
translate these data later into design tools for urban designers, through 
the process of regression analysis.  
3. To understand the interaction of all these morphological variables and 
how they act together to determine the ventilation potential at an estate 
level.  
4. To develop a ventilation model to predict the ventilation potential in 
HDB estates by statistical analysis, based on all the significant 
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morphological variables as independent variables and VR as dependent 
variable. This will potentially open up new possibilities for climate-
responsive design and planning regulations specific to high-density 
housing estates in tropical Singapore.   
 
1.3 Structure of Thesis  
 
The structure of this thesis is described as follows: 
1. Chapter 1 discusses the importance of optimizing good morphological 
designs at the initial stage of a project, in order to counteract various 
outdoor ventilation–related problems that arise from urbanization. 
Special emphasis is given on the need to develop reliable and simple 
guidelines or tools, so as to provide useful quantified information on the 
effectiveness of various morphological design strategies. Developments 
in this research area in and out of Singapore are also covered and in 
addition, the research questions and objectives of this thesis are listed out.  
 
2. Chapter 2 compiles the findings and results from previous researchers. 
The literature review presented can be categorized into a few sections. 
These sections basically cover the effects of wind (on various 
environment and thermal comfort issues) , parameters that affect wind 
flow patterns at urban boundary layer (UBL) (between the gradient 
height and urban canopy layer (UCL)), urban morphological variables 
that affect wind flow patterns within the UCL and various possible types 
of experimental designs for ventilation studies. Additional material on 
HDB building designs and their site planning strategies are discussed. 
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The research gap that is identified after the literature review can be 
found at the end of this chapter.  
 
3. Chapter 3 describes the two main hypotheses – (1) the differences in 
area-averaged outdoor ventilation within an estate, can be explained by 
the variation of all the morphological variables identified in Chapter 2. 
(2) The multivariate linear regression Wind Velocity Ratio (VR) model, 
developed from the parametric study, can help to predict the impact of 
any morphological variation on an estate’s area-averaged outdoor 
ventilation at a certain level above ground. The methodology to carry out 
this parametric study is outlined with the scenarios adopted and also how 
the indices are quantified. The details of the numerical simulation study 
using Computational Fluids Dynamics (CFD) are also described and the 
purpose of the wind tunnel study, carried out before the simulation study, 
is explained at the end of this chapter.  
 
4. Chapter 4 covers the details of the wind tunnel test that is used to 
validate the numerical simulation CFD code Star-CCM+. The 
comparison of the results for CFD study and wind tunnel simulation, 
carried out under the same scenarios from the base cases, was made to 
check for the level of agreement between both. 
 
5. Chapter 5 consists of the major parametric study that is carried out for all 
the selected morphological variables. The results of their variable 
behavior are reported and explained in detailed, which helps to verify the 
first hypothesis.  
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6. Chapter 6 focuses on the development of the Wind Velocity Ratio (VR) 
models by considering all morphological variables over a range of 
variations against the area-averaged outdoor wind velocity magnitude (in 
the form of VR) for both the pedestrian and mid-levels within a typical 
HDB estate.  
 
7. Chapter 7 performs a series of sensitivity analysis whereby the 
multivariate linear regression models from Chapter 6 will be analyzed 
for the VR dependence, due to different morphological variations.  
 
8. Chapter 8 will demonstrate the Wind Velocity Ratio (VR) models 
application, using a ‘proposed future’ HDB estate or precinct as the 
initial ‘base’ design and subsequent different types of variation in terms 
of block heights, width spacing and void decks’ height. The modeled 
results will be compared to those from CFD simulations. The objective 
here is to check for the model’s reliability as a prediction tool which also 
helps to verify the second hypothesis. 
 
9. Chapter 9 concludes the thesis and discusses the limitations and the 









CHAPTER 2 : LITERATURE REVIEW 
 
2.1 Effects of Wind 
 
Climate of urban canyons is primarily controlled by micrometeorological 
effects of canyon geometry, rather than the mesoscale forces controlling urban 
boundary layer (UBL) climatic systems (Hunter et al., 1992). Significant 
components of the street-canyon microclimate depend on the characteristic of 
wind-induced flow patterns (turbulence) in the urban canopy layer (UCL) as 
this directly affect the comfort of the city inhabitants and air quality.  
 
The influence of wind on UHI was studied by many researchers who found 
that heat-island intensity decreased for an increased in wind speeds (Oke, 1982; 
Bornstein, 1986). Natural ventilation can shift the thermal comfort zone to 
regions of higher air temperature and relative humidity and eliminate or 
reduce heat gains by limiting the way in which air temperature increases in the 
surroundings (Allard, 1998).  
 
2.2 Effects of Urban Environments on Wind Flow 
 
Most flows encountered in nature and engineering practice are turbulent. Oke 
characterized the wind variation with height over cities by defining specific 
sub-layers above ground. As the air flows from rural to urban areas, it must 
adjust to new boundary conditions defined by the cities (Oke, 1987).  
 
The different layers of wind flow over urban area are summarized in the below 
Table 2.1, starting from the lowest to highest level. 
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Table 2.1: Different layers of wind flow over urban areas 
 









surface up to 
buildings’ 
height.  
The specific climatic conditions at any 
point within are determined by an unlimited 
number of microclimates generated by the 




In general, wind speed in the UCL 
significantly decreases relative to the 
undisturbed wind speed. In terms of 
turbulence, due to ground obstacles and 
thermal airflow instabilities, it increases 
















The thickness is determined by the gradient 
height at which surface friction of the 
ground no longer affects the general wind 
flow. It varies from one point to another 
because of the variable heights of the 
buildings below and wind speed. It is also 
more homogeneous in its properties over 
the urban area at large than the UCL.  
 
Generally, it consists of the surface layer 
(roughness sub-layer and inertial sub-layer) 
and outer layer. 
 
In the downwind region, this layer may 
become separated from the surface as a new 
rural boundary layer develops underneath, 
termed urban plume. 











of the UBL. 
Consists of the roughness sub-layer and 
inertial sub-layer.  







Bottom 5 to 
10% of the 
UBL. 
This layer is affected by the frictional 
forces exerted by the ground, i.e. fences, 
trees, buildings, etc.  
 
The average wind speed increases with the 
height above the ground, while the intensity 
of turbulence or gusting decreases. The 
difference in terrain conditions directly 
affects the magnitude of the frictional force 
and also causes the mean wind speed 
variations.  













(Continued from Table 2.1) 
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layer to top 







Figure 2.1: Schematic representation of the urban atmosphere illustrating a 2-layer 






Figure 2.2: Wind speed variation with height and terrain conditions 











The logarithmic law representing the variation of the mean wind speed (under 
neutrally stratified flow, isothermal cases) with height above the ground 











uzU  where, U(z) 
= the mean wind speed at height z, z = height above the ground surface, u* = 
friction velocity, k is the von Karman constant (k = 0.41 for urban areas), d0 = 
zero-plane displacement, z0 = roughness length or height determined by the 
surface condition.  
 
To a first approximation, d0 = (0.7)h0, where h0 is the average obstacle height. 
u* is calculated by ρ
τwu =* , where τw = wall shear stress and ρ = fluid density 










uμτ  where μ is dynamic 
viscosity, u is the velocity parallel to the wall and y is the distance to the wall. 
The application of this equation to a particular situation requires that the 
coefficients u*, z0 and d0 are properly defined which can be accomplished 
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through measurements of the UBL. It yields a better representation of the wind 
profiles in the lower part of the UBL which consists of the bottom 30% of the 
UBL (surface layer) (Simiu and Scanlan, 1986; Stathopoulos and 
Baniotopoulos, 2007) (Figure 2.2). Figure 2.4 presents an experimental value 
range of roughness length or height obtained on homogeneous sites of great 
horizontal extension (Wieringa, 1992).  
 
 
Figure 2.4: Davenport roughness classification (Wieringa, 1992) 
 
 
In the outer region (above the surface layer) airflow shows little dependence 
on the nature of the surface, and the Coriolis force due to the Earth’s rotation 
becomes important. The increase of the height leads to the increase of Coriolis 
force and the reduction of the shear stress. An empirical power law 
















 where Uref = mean wind speed at 
reference height zref, d0 = zero-plane displacement and the exponent α = power 
law exponent (function of roughness) depends on the range of height being 
covered and the surface roughness (ESDU, 1982; Simiu and Scanlan, 1986; 
Stathopoulos and Baniotopoulos, 2007). If the data are available for wind 
speed at different heights, then plotting these logarithmically will give the 
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−=α which is the slope of the linear portion of the graph. If 
the value of α is known, together with the velocity at a given height, then the 
velocity at any other height may be computed.  
 
2.3 Description of Airflow Phenomenon  
 
2.3.1 Indicator of Good Ventilation 
 
Wind Velocity Ratio (VR) is used as an indicator of good ventilation in this 
study. It is measured and defined as ∞= VVV pR / , where V∞ is the wind 
velocity at the top of UBL not affected by the ground roughness, buildings and 
local site features (typically assumed to be a certain height above the roof tops 
of the city centre and is site dependent). Vp is the wind velocity at the 
pedestrian level (2m above ground) after taking into account the effects of 
buildings (CUHK, 2008). The VR indicates how much of the wind availability 
of a location could be experienced and enjoyed by pedestrians on the ground, 
taking into account the surrounding buildings. The higher the value of VR, the 
lesser is the impact of buildings on wind availability (Figure 2.5). The concept 
of VR can also be used as an indicator for other measured levels besides 
pedestrian level too. The key purpose of this indicator is to investigate what 
and in what form, wind environment information is needed to guide design 
and planning so as to achieve better outdoor ventilation of the city, especially 





Figure 2.5: Velocity ratio (VR) explained (CUHK, 2008) 
 
 
According to a research done by Ng and Cheng, when a pedestrian is under 
shade, with air temperature of 27.9˚C and relative humidity of 80%, a steady 
mean wind at pedestrian level of around 0.9~1.3m/s will be beneficial for 
providing thermal relief and comfortable outdoor urban environment, during 
summer in Hong Kong, which is almost the same climatic condition as in 
Singapore (Ng and Cheng, 2012). Factoring in the macro wind availability, it 
might be quoted statistically that a good probability (50% median) of 
achieving this mean speed is desirable. This is not a standard but a preliminary 
for head-starting an understanding of AVA. Further local studies are still 
required.   
 
2.3.2 Parameters that Affect Wind Flow in Urban Environments 
 
The term urban canyon can be explained as a relatively narrow street with 
buildings lined up continuously along both sides (Nicholson, 1975) (Figure 
2.6). Generally, dimensions of a street canyon are usually expressed by its 
aspect ratio, which is the height (H) of the canyon divided by the width (W) or 
H/W. The length (L) usually expresses the road distance between two major 
intersections, subdividing street canyons into short (L/H~3), medium (L/H~5), 
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and long canyons (L/H~7). Urban streets might be also classified into 
symmetric (or even) canyons, if the buildings flanking both sides are 
approximately same height, or asymmetric, if there are significant differences 
in building height (Vardoulakis et al., 2003). Depending on wind direction, 
asymmetric canyons may be sub-divided into two categories: (1) step-up 
canyons, when the down-wind building is higher than the up-wind building 
and (2) step-down canyons, when the down-wind building is lower than the 
up-wind building.  
 
Figure 2.6: General parameters for describing an urban canyon 
 
 
In the following sections, we will review some of the prominent 
morphological variables that had been identified by previous researchers, in 
relation to their effect on urban wind flow.  
 
2.3.2.1 Important Findings from Previous Researches 
 
(A) Orientation of Urban Canyons 
 
This parameter focuses on the orientation of the longer axis of buildings or the 
long canyons to the prevailing wind direction. A numerical study done by Kim 
and Baik revealed that changes in wind direction can make large differences in 
the mean flow circulation and pollutant dispersion around a group of buildings 
(Kim and Baik, 2004). According to Ng, main streets and breezeways should 
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be aligned in parallel or up to 30˚ to the prevailing wind direction, in order to 
maximize the penetration of prevailing wind through the estate (Ng, 2009) 
(Figure 2.7). 
 
Sinuosity (Si), a factor equal to ( )2cos θ , describes the corridor for acceleration 
of wind flow by defining the continuous pore space perpendicular to or an 
angle to the wind direction. To account for this, Adolphe suggested this term 
called Relative Sinuosity ( θS ) for street segments to encompass this effect 








θ  (dimensionless), where Li is the length of 
the linear segment i, and θi is the angle between the given azimuth (of flow) 
and the azimuth of linear segment i (Adolphe, 2001). 
 
 
Figure 2.7: Orientation of street grids (Ng, 2009) 
 
 
(A1) Perpendicular Canyon Wind Flow 
 
(i) Wind Flow Patterns 
Wind flows are considered perpendicular when the predominant airflow 
direction is approximately (±30˚) normal to the long axis of the street canyon 
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(Oke, 1988). Generally, three types of airflow regime are observed as a 
function of building (L/H) and canyon (H/W) geometries (Oke, 1988; Hussain 
and Lee, 1980). (Figure 2.8) The three regimes are isolated roughness flow 
(IRF), wake interference flow (WIF) and skimming flow (SF). These findings 
are useful to us because urbanization is causing a trend towards high H/W 
ratios that are becoming very common. 
 
 
Figure 2.8: Perpendicular flow regimes in urban canyons for different aspect ratios 
(Oke, 1988; Hussain and Lee, 1980) 
 
 
(ii) Coupling Relationship and Threshold Values 
The existence of a vortex within canyon is due to sufficient cross canyon flow 
out of canyon. Airflow within canyon can be treated as a secondary circulation 
flow driven by the above-roof imposed flow. If wind speed out of canyon is 
below some threshold value, the coupling between the upper and secondary 
flows is lost. The relation between both flows will be characterized by 
considerable scatter (Nakamura and Oke, 1988). Scattering can also come 
from the resultant vertical stratification of in-canyon air (thermal influence) 
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and advection mechanism from building corners that resulted from end effects 
(Santamouris, 2001). Further findings from some other researchers in regards 
to the threshold speed (if any) in order for coupling to take place, are included 
in the following Table 2.2. 
 
Table 2.2: Related researches of coupling relationship and threshold values for 
perpendicular canyon wind flow 
 
Description Threshold Findings Researcher 
Higher ambient 
wind speeds. 
>1.5m/s Production of a stable vortex 
circulation within the canyon. 
The vortex velocity increases 
with the speed of roof-level 
cross-canyon flow. 




< 1.5m/s More influenced by both 
thermal and mechanical 
influence.  
Field experiment in 
central Chicago.  
> 
1.5~2.0m/s 
Threshold is valid for an almost 
symmetrical canyon of 
H/W=1.5. Scattering occurs 





 Transverse vortex speed inside 
the canyon is proportional to the 
above-roof transverse 
component and independent of 




Canyons with a 
higher aspect ratio.  
> 4~5m/s Coupling is established for 
much higher ambient wind 
speeds. 
Santamouris et al., 
1999 
Ambient wind 
speed up to 5m/s 
(without thermal 





The general relationship 
between the wind speeds 
outside (Uout) and inside (Uin) 
canyon appears to be a linear 





(iii) Finite-length Canyon Effects 
Finite-length canyon effects, or end effects, play an important role in airflow 
distribution in canyon flows. Yamartino and Wiegand reported that when L/W 
≈ 20, finite-length canyon effects begin to dominate over the vortex 
(Yamartino and Wiegand, 1986). Intermittent or corner vortices are created at 
building corners and they are responsible for the mechanism of advection from 
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the corners to the mid-block region of the canyon, whereby a convergence 
zone is created. This resulted in larger concentration of airflow there, both at 
street and higher levels up (Hoydysh and Dabberdt, 1988; Santamouris et al., 
1999). Findings in this area by some other researchers are presented in Table 
2.3.  
 
Table 2.3: Related researches of finite-length canyon effects for perpendicular canyon 
wind flow 
 
Description Geometry Findings Researcher 
Shorter 
canyon. 
L/H < 10 Represents a fully 3D case. 
Has lower pollutant concentrations 
observed (especially at mid-length) 
due to stronger dispersion, whereby 
corner vortices is strong enough to 
inhibit a stable vortex in mid-section. 





L/H > 10 Flow characteristics are more 2D at 
mid-canyon. It has higher pollutant 
concentrations due to weaker airflow 




L/H>5 Cases of longer canyons leading to 
higher pollutant concentrations 
(lower wind speed) is only true after 
L/H>5.  




L/H<5 The case of longer canyons leading 
to lower concentrations (higher wind 




(A2) Parallel Canyon Wind Flow 
 
(i) Coupling Relationship and Threshold Values 
When the incidence angle of ambient wind velocity is parallel to the main axis 
of the canyon (±15°), an along canyon wind flow of the same direction due to 
channeling occurs (Ghiaus et al., 2006). In-canyon wind speeds are faster 
compared to perpendicular wind flow for similar ambient wind speeds. 
Findings in this area by some other researchers in this area are present in the 
following Table 2.4. 
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Table 2.4: Related researches of coupling relationship and threshold values for 
parallel canyon wind flow 
 
Description Threshold Findings Researcher 
The flow in the 
canyon is a 
secondary circulation 




1.5~2.0m/s. If wind speed out of canyon is 
below some threshold value, the 
coupling between the above and 
below roof level wind flows is 
lost and the relationship between 





between the two 
wind speeds appears 
to be linear in 
relationship, v = pU 
for wind parallel to 
canyon axis. 
 Higher p values are obtained 
compared to perpendicular wind 
flows, because of flow 
deflection by a side canyon in 
perpendicular wind flows.  
Buller, 1976 
If attack angle is 
near-parallel. 
 Canyon wind speed is attenuated 







(ii) Wind Behavior along Canyon 
Findings related to parallel wind flow behavior by some researchers are as 
presented in Table 2.5. 
 
Table 2.5: Related researches of wind behavior for parallel canyon wind flow 
 
Description Threshold Findings Researcher 
Wind speeds that 
are parallel to 
canyon are higher.  
 Parallel ambient flow generates a 
mean wind along the canyon axis, 
with possible uplift along the 
canyon as the airflow is retarded 
by friction at the building walls 
and street surface. 
Nunez and Oke, 
1976 
In a much longer 
canyon section. 
 Data for winds that penetrated 
were much more scattered and 
attained a partial equilibrium with 
the frictional effect on the walls 
and floors.   
Arnfield and 
Mills, 1994 
Close to the canyon 
walls. 
 An important downward air 
movement is reported. It could be 
the result of finite-length canyon 
effects associated with 
intermittent vortices created at 
building corners, which are 
responsible for the mechanism of 
downward advection flow from 











(A3) Oblique Canyon Wind Flow 
 
(i) Wind Behavior along Canyon 
For oblique wind flows, wind tunnel researches by Dabberdt et al. and 
Wedding et al. shows the development of a helical flow pattern inside the 
canyon (Dabberdt et al., 1973; Wedding et al., 1977). Results of along-canyon 
wind behavior from some other researchers are as presented in the following 
Table 2.6. 
 
Table 2.6: Related researches of wind behavior for oblique canyon wind flow 
 
Description Threshold Findings Researcher 
Increase in 
ambient wind 
speed flow above 
roof at some 
angle to the 
canyon axis.  
 Corresponds almost always to an 
increase of along canyon wind 
speed, both for median, lower and 
upper quartiles. Furthermore, a 
spiral cock-screw vortex is induced 
along the canyon length.  
Nakamura and 
Oke, 1988; 
Santamouris et al., 
1999 
Intermediate 
angles of wind 
incidents to 
canyon long axis. 
 Canyon airflow is the product of 
both transverse and parallel 
components of ambient wind, the 
former driving the canyon vortex 
and latter affects the along-canyon 





 For the direction of helical flow, 
angle of incidence at windward 
wall is greater than angle of 
reflection.  
Pure reflection is disturbed by 
momentum of lateral flow induced 





(ii) Coupling Relationship and Threshold Values 
The coupling relationships for oblique wind flow and urban canyon flows is 






Table 2.7: Related researches of coupling relationship and threshold values for 
oblique canyon wind flow 
 
Description Threshold Findings Researcher 
Numerical 
studies done for a 
canyon with a 
free-stream wind 
speed equal to 
5m/s flowing at 
45° to long axis 
of canyon.  
 A vortex was developed inside the 
canyon with a strength that is less 
than the wind speed above roof level 
by about an order of magnitude.  
Much higher along-canyon wind 
speeds were reported for downward 
façade than for upward façade.  
Lee et al., 1994 
First order 
accuracy v = U 
cos q, where q is 
the angle of 
incidence and U 
the horizontal 
wind speed out of 
the canyon. 
 Along-canyon component of the 
wind velocity v, within canyon, is 
directly proportional to the along-
canyon component of the above-roof 
free-stream wind speed U, with the 
constant of proportionality being a 
function of approach flow azimuth. 
Yamartino and 
Wiegand, 1986 
Airflow as well 





performed in a 
deep canyon in 
Athens during 
summer 1997. 
 Increase in ambient wind speed 
almost always corresponds to an 
increase of the along-canyon wind 
speed, for the median, lower and 








Geometry of urban canyons is an important determinant of near-surface 
airflow patterns, comprehensive description of the vertical exchanges of mass 
and momentum between streets (urban canopy) and above-roof level in cities. 
Characteristics canyon geometries, expressed in terms of height-to-width 
(H/W) and length-to-height (L/H) dimensionless ratios, are known to produce 
three principal air flow regimes when the above-roof wind direction is 
perpendicular to the canyon: ‘isolated roughness flow (IRF)’, ‘wake 




In Oke’s analysis of Hussain and Lee’s wind tunnel experimental results, he 
came out with a monogram of threshold lines, dividing the flow into three 
fundamental flow regimes as a function of L/H and H/W. It was predicted up 
to L/H=4.0 and then continued to 8.0 by Hunter et al.’s numerical simulation 
results (Oke, 1988; Hussain and Lee, 1980; Hunter et al., 1990/91). (Figure 2.9) 
In order to predict the flow beyond, Chan et al. adopted a value of L/H = 9.0 
for his present canyon model (Chan et al., 2001).  
 
Figure 2.9: Threshold for flow regimes in urban canyons as functions of urban canyon 
H/W and L/W ratios (Hunter et al., 1990/91) 
 
 
The street canyon aspect ratio H/W is the most important factor that not only 
influences the flow regimes (SF, WIF and IRF) but also characterizes different 
flow patterns within the same flow regime. (Figure 2.10) E.g. the SF regime, 
which is widely studied, has also different numbers of re-circulations 
depending on H/W. Furthermore, L/H ratio may affect the flow regime 





Figure 2.10: Different flow patterns for skimming flow regimes (Li et al., 2006) 
 
The mechanisms determining the flow characteristics in canyon are either the 
creation of a circulatory vortex established in canyon due to momentum 
transfer across a shear layer at roof height, or the finite length canyon effects 
that are related to intermittent vortices shed at building corners and 
responsible for the mechanism of advection from building corners to mid-
block - creating a convergence zone in mid-block region (Yamartino and 
Wiegand, 1986; Hoydysh and Dabberdt, 1988). Some experimental results 
from researchers show different threshold values for wind flows. Their 
important findings are related to perpendicular wind flow and are summarized 

























Table 2.8(a): Related researches of canyon geometries on perpendicular canyon wind 
flow 
Description Geometry Findings Researcher 
Buildings are well 
apart.  
H/W<0.05 Flow fields do not interact. Hunter et al., 
1992 
 Buildings are closer 
spaced. 
H/W<0.3 Flow regime is known as 
‘isolated roughness flow’ 
(IRF). Wakes are disturbed 
since air travels a sufficient 
distance downwind of the first 
building before encountering 
the next obstacle. 
Buildings more 
closely spaced. 
0.3<H/W<0.7 Disturbed airflow has 
insufficient distance to 
readjust before encountering 
the downwind building, 
resulting in ‘wake interference 
flow’ (WIF).  
Greater density of 
buildings. 
H/W>0.7 A stable single circulatory 
vortex is established in the 
canyon in which the bulk of 
the flow does not enter the 
canyon, known as ‘skimming 
flow’ (SF). It is often 
associated with reduced 
ventilation and less effective 
coupling.  
Wind tunnel studies 
of canyon flows 
with unequal wall 
heights. 
 For step-up canyons, vortex is 
significantly stronger than 
with symmetrical canyon. 
In step-down canyon, the 
measured pollutant 
concentrations were slightly 
lower (stronger wind) on 
upwind side (leeward face) 
and higher near windward 
wall – indicating a reverse 
vortex inside canyon, driven 
by main vortex at top. 
Dabberdt and 
Hoydysh, 1991 
A study was 
conducted to find 










Tall buildings do not 
necessarily promote blockage, 
as long as the H2/H1 ratios 
remain in the transition of 
stagnation flow and leeward 
blockage region (Figure 2.11). 





Figure 2.11: Pollutant concentration for different h2/h1 (Chan et al., 2001) 
 
 
(Continued from Table 2.8(a)) 
 
Table 2.8(b): Related researches of canyon geometries on perpendicular canyon wind 
flow 
 
Description Geometry Findings Researcher 
H/W ratio is very 
low (wide canyon). 
H/W<0.5 Isolated roughness flows 
circulated the pollutants at the 
corner of the canyon within the 
secondary vortices. (Figure 2.12) 








The roughness sub-layer is 
extremely turbulent and hence 
there is a substantial cleaner air 
entry into the canyon. 
Skimming flow. H/W>1.0. The momentum exchange 
between canyon and roughness 
sub-layer reduces as the two 
canyon vortices merge into one 
within the canyon, giving rise to 
a single cross canyon vortex. The 
vortex is tangentially driven by 
the above roof flow but the 
coupling becomes less effective 
as H/W increases. The spatial 
distribution of pollutants almost 
becomes uniform. 
Deeper canyons.  Secondary vortex develops 
giving two vortices along the 
building height rotating in 
opposite directions. This hinders 
the diffusion process and the 
handover of the pollutants 
between the two vortices 






Figure 2.12: Pollutant concentration for different h/w (Chan et al., 2001) 
 
 
(Continued from Table 2.8(b)) 
 
Table 2.8(c): Related researches of canyon geometries n perpendicular canyon wind 
flow 
 
Description Geometry Findings Researcher 
Canopy length 
(L). 
 Canopy length governs the degree of 
interaction of the corner and cavity 
vortex near the edges of the street 
canyon, through the so-called eye of 
circulation. The extent of circulation is 
one of the major factors controlling the 
transition between skimming flow (SF) 
to wake interference flow (WIF) and 
hence the dispersion phenomena. 





L/H = 5.0 The extent of circulation increases with 
the canyon length L until the ratio L/H 
= 5.0 and then remains constant. (Figure 
2.13)  
The decrease in pollutant concentrations 
with the increase in relative length (L) 
till L/H = 5.0, beyond this there is again 
increase in pollutant concentration. That 
is because, though the extent of 
circulation remains constant, the degree 
of turbulence decreases with the 
increase in canyon length.  








Figure 2.13: Pollutant concentration for different l/h (Chan et al., 2001) 
 
 
(C) Shape of the Building 
 
According to Roberson and Crowe, the coefficient of drag (CD) depends on the 
shape and volume of an object moving through a fluid (Roberson and Crowe, 
1988). It is found that CD can vary according to which angle the wind blows 
(resistence), and amount of surface wall area facing perpendicular to the wind 
(friction and resistence) and surface curvature. Usually higher surface area 
facing wind perpendicularly (projected frontal area) will increase the drag.  
 
Researches done by Adolphe, Yoshida and Omae have shown that high 
compactness, that is high surface area relative to total volume of all buildings, 
may have good impacts by reducing heat gain or discharge, but have the 
disadvantage of reducing urban ventilation (Adolphe, 2001; Yoshida and 
Omae, 2005). The Compacity Factor that is used for quantifying compactness 
can be written as follows: 
ildingvolumeofbu




(D) Gross Building Coverage Ratio 
 
In urban environments, presence of numerous obstacles significantly increases 
the ground roughness and thermal mass of urban fabric as compared to a rural 
environment. Therefore, friction effect on airflow increases, causing a 
reduction of average wind speed and increase in turbulence intensity is 
observed when wind speed moves from countryside into an urban environment. 
Other interesting findings in this area from researchers are as presented in 
Table 2.9.  
 
Table 2.9: Related researches on Gross Building Coverage Ratio 
 
Description Findings Researcher 
Definition of gross 
building coverage ratio 
(λp). 
Ratio between gross ground floor area of 
a building to a given site area. It regulates 
development and describes what 








Definition of plan area 
density (λarea). 
Plan area density ( ) totaliiniarea ALB /1=∑=λ  
(dimensionless), where n is the number of 
buildings; Bi and Li is the building width 
and length, respectively. Atotal is the total 
plan area.  
Zhang et al., 
2005 




There is a strong relationship between the 
gross building coverage ratio (building 
density) and the mean wind velocity ratio 
at pedestrian level in residential 
neighborhoods, without considering the 
other morphological variables. 
Kubota et al., 
2008 
Experiments to study 
building density increment 
on wind flow.  
An increase in building density reduces 
the wind velocity in the urban area. This 





As part of the feasibility 
study for establishing the 
AVA System, a number of 
focused studies were 
conducted in regards to 
ventilation improvement 
for Hong Kong’s 
congested urban 
conditions. 
Building site coverage has greater impact 





 (E) Permeability 
 
Provision of permeability or gaps near pedestrian level is important as it 
improves ventilation for pedestrian. The channeling effect of the voids ensures 
that prevailing wind can penetrate deep and permit air movements at ground 
level, help to remove pollutants and heat generated at ground level. For deeper 
canyons or taller buildings, mid-level permeability can help to improve the 
ventilation performance for those mid-floor occupants. Other important 
findings from researchers are included in the following Table 2.10.  
 
Table 2.10: Related researches on permeability provision 
 
Description Findings Researcher 
Experiments 








Increase in permeability increases airflow.  
 
The gaps in-between the break affect permeability. 






Adolphe presents urban porosity factor as an indication of 
the useful open spaces within an urban canopy. This is 
calculated according to the following formula (excluding 
the effect of closed outdoor spaces or streets 















Figure 2.14: Wind speed at leeward side of the windbreak with different permeability 




Figure 2.15: Closed outdoor spaces or streets perpendicular to the wind flow not 
included in permeability calculation (Adolphe, 2001) 
  
 
Proper linkage of open spaces, creation of open plazas, maintaining low-rise 
structures along prevailing wind direction routes, widening of minor roads 
connected to main roads and avoiding obstructions are some of the ways to 




In current HDB flats, 30% of the total ground floor area of each block 
(excluding ground floor service rooms and staircases) should be kept as 
continuous void deck space for communal use. The exception is flats next to 
the main roads, utilized for noise barrier purposes (HDB, 2005).  
 
(F) Buildings’ Height Variation 
 
Many research findings point to the advantage of varying building blocks 
height rather than having uniform heights, in order to provide better 
ventilation within an estate. Chan et al.’s numerical study findings proposed 
that uniformity of building height in urban planning should be avoided as non-
uniformly constructed roof heights provide better ventilation (Chan et al., 
2001). Some interesting findings in this area are presented in the following 
Table 2.11.  
 
Table 2.11: Related researches on buildings' height variation 
 
Description Findings Researcher 
Stepping building 
heights in rows. 
Varying the heights of blocks with decreasing 
heights towards the direction where the 
prevailing wind comes from, can help to 
optimize the wind capturing potential of the 
development. This is especially if differences in 
heights are significant.  
It is always better to have varying heights rather 
than similar/uniform height for diverting winds 
to the lower pedestrian levels.  
Ng, 2009 
Uniformity in urban 
planning in building 
height, canyon width 
and canyon length 
should be avoided. 
Non-uniformity constructed roof heights 
provide better ventilation. It is found that the 
critical relative height for increasing air 
ventilation is in the region of H2/H1=1.25~2.00, 
where H2 is the height of leeward building and 
H1 is the height of windward building.




evidence influence on 
the dispersion of 
pollutant in the street 
canyon. 
Different flow patterns are formed within the 
study canyon with different variation of heights 
of ambient buildings.  
 





(G) Staggering of Blocks Arrangement (Urban Layout) 
 
The research done by Ng shows that by staggering the building blocks 
arrangement, those that were behind are able to receive wind penetrating 
through gaps between the blocks at the front row (Ng, 2009). The following 
Table 2.12 shows related researches done by other researchers.  
 
Table 2.12: Related researches on staggering of blocks arrangement 
 
Description Findings Researcher 
Numerical 
studies, verified 
by wind tunnel 
tests.  
Wind fields depend strongly on building layout 
and wind direction. It was shown that staggered 
layout helps to introduce more wind into the site 
in the two selected studied directions. 
 
Proposed the parameter frontal aspect ratio ( ) totalafrontalareinifront AA /,1=∑=λ  
(dimensionless), where n is the number of 
buildings, Ai, frontal area is the frontal building area 
normal to the wind of each one. Atotal is the total 
plan area. It captures the impact of vertical 
frictional surfaces in urban land due to high-rise 
buildings. 
Zhang et al., 2005 
Frontal area 
density (λF). 






(dimensionless). The higher the value, the higher 
the staggering effect and hence better ventilation 
potential. 
 
High value of front area density is a result of tall 
and high number of buildings.  





2.3.2.2 Other Factors that Affect Wind Flow 
 
Besides the urban morphological factors that affect the microclimate in urban 
environments, there are many other meteorological, surroundings or 
anthropogenic factors that are beyond the scope of this research. These factors 





Table 2.13: Other factors that affect wind flow besides the buildings' urban 
morphologies 
 
No. Factors Beyond Scope Researcher 
1. Surrounding topography urban terrain. CUHK, 2008 
2. City size. Givoni, 1998; Santamouris, 2001 
3. City shape. Hang et al., 2009 
4. Traffic load. Eskridge and Rao, 1986 
5. Roof shapes. Louka, 1998; Louka et al., 1998;  
Rafailidis, 1997; Kastner and Plate, 1999;  
Huang et al., 2000; Xie et al., 2005c 
6. Reynolds number (Re). So et al., 2005; Schlichting, 1979 
7. Presence of upwind buildings. Kastner and Plate, 1999 
8. Objects within the urban canyon. Gromke and Ruck, 2007; Ng, 2009 
9. Solar radiation. Sini et al., 1996; Kim and Baik, 2001 
10. Stability conditions.  Sini et al., 1996; Uehara et al., 2000 
 
Indices by other researchers that are related with the important morphological 
variables are as per Table 2.14. 
 
Table 2.14: Indices by other researchers that overlap and are also related to 
morphological variables 
 
No. Factors Beyond Scope Researcher 
1. Complete aspect ratio 
sitearea
pedingenveloareaofbuil
c ∑=λ  
(dimensionless) 
Grimmond and Oke, 1999 





∑=  (m) 
Adolphe, 2001;  
Yoshida and Omae, 2005 
 
 
2.4 Experimental Designs Adopted for Airflow and Ventilation Studies 
 
This study postulates that there is an association between certain urban 
morphological variables and urban wind flow. One of the objectives in this 
research is to develop models to explain the relationship between them and for 
their subsequent use in wind standards and building codes of practice. But 
these exercises require systematic parametric studies of relationships between 
many variables, and such studies are much too difficult to be realized in real 
streets and relatively costly in wind tunnels; hence CFD simulations offer an 
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appealing alternative. In this research, the link between urban morphology and 
wind flow in various dense residential environments in HDB estates are 
investigated through CFD simulations and statistical analysis of their 
significance for inclusion into the final models.  
 
2.4.1. Computational Fluid Dynamics (CFD) 
 
CFD modeling is a general term used to describe the analysis of systems 
involving fluid flow, heat transfer and associated phenomena by means of 
computer-based numerical methods. Physical and numerical principles of CFD 
modeling programs are based on the numerical approximate solution of the 
original governing fluid flow and dispersion equations, which are derived 
from basic conservation and transport principle:  
(a) Mass conservation (continuity) equation.  
(b) Three momentum conservation equations (Navier-Stokes) in x, y, z 
directions. 
(c) Transport equation for concentration (pollution studies) or energy 
(temperature studies), etc.  
 
These numerical approximate equations are solved at all points of a 2D or 3D 
grid that represents the building under investigation and its surrounding 
domain. The equations of state (from thermodynamic equilibrium assumption) 
and Newtonian model of viscous stresses are also enlisted to close the system 
numerically. The unknown components are determined for a given boundary 
and initial conditions. Nowadays, CFD has been increasingly applied to do 
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large-scaled simulations of atmospheric problems due to the ever-increasing 
availability of computer power. 
 
2.4.1.1 Points to Note in CFD Simulations 
 
When using a commercial CFD code to perform simulations, there are a 
number of computational parameters such as the domain size, grid density, 
turbulence model and boundary conditions that needs to be considered in order 
to address the accuracy of the final results.  
 
(A) Computational Domain Size 
Selection of computational domain size to model configuration depends 
mainly on the expected air flow patterns and wakes around the buildings under 
investigation, which also depends on building dimensions and local terrain 
configuration. It should be kept in mind that unnecessary size increase in 
domain not only increases the number of grid nodes but also demands more 
computational resources and stability. Domain size testing should be done if 
possible to find out if a size is large enough whereby further size increase does 
not affect the computed values significantly. Table 2.15 shows some 









Table 2.15: Suggestion of domain sizes from previous researchers 
 
Suggestion Reasons Researcher 
Open domain. To reflect the actual 
physical properties of 
street canyon airflow.  
So et al., 2005 
No explicit rules. By trial-and-error 
approach.  
Domain size does 
influence the computed 
results and only way to 
test out is to try many 
sizes.  
Baetke et al., 1990 
Domain size can be a multiple of the 
characteristic building height. 
 Baskaran and 
Kashef, 1996 
Distance between any edge of the 
domain and the buildings must be at 
least 5 times of the characteristics 
building height. 
 Hall 1996 
The minimum distance of the domain 
from a building should be at least 6H 
or more (H is the building height).  
Experience from wind 
tunnel simulations shows 
that a building with height 
(H) may have minimal 
influence if the distance 
from it is greater than 
6~10H. 
COST, 2007 
Inflow, lateral and top boundaries 
should be set 5H or more away from 
the building, where H is the target 
building height, whereas the outflow 
boundary should be set at least 10H 
behind the building. 
 Mochida et al., 
2002; 
Shirasawa et al., 
2003 
The computational domain of all 
simulations shall be extended, 
approximately 3 times in radius the 
length of the longest distance 
measured across the boundary of the 
development which should include the 
development of interest, the 
characteristics of the immediate 
surroundings and buildings at the 
large scale level.  
Domain height shall be extended, 
approximately 3 times the height of 
the highest building of the 
development.  
 BCA, 2012 
Vertical Domain Extension 
For single buildings, top of the 
computational domain should be at 
least 5H above the building roof (H is 
the building height).  
For multiple buildings in an urban 
area, the top of the computational 
domain should be 5Hmax away from 
the tallest building, where 5Hmax is 
the height of the tallest building in the 
whole urban area.   
Large distances above are 
necessary to prevent an 
artificial acceleration of 
the flow over the building, 
since most boundary 
conditions at the domain 
top do not allow fluid to 
leave.  
Hall, 1997; 









(Continued from Table 2.15) 
 
Suggestion Reasons Researcher 
Lateral Domain Extension 
The lateral (side) distance from the 
building is recommended using 5H.  
 
 Hall, 1997; 
Cowan et al., 1997; 
Scaperdas and 
Gilham, 2004; 
Bartzis et al., 2004 
For urban areas with multiple 
buildings, the lateral boundaries of the 
computational domain can be placed 
closer than 5Hmax to that part of the 
built area (e.g. buildings, structures, 
topography, etc) which surrounds the 
region of interest within the urban 
area. 
 
Inflow (approach flow) Domain Extension 
For a single building, a distance of 5H 
between the inflow boundary and the 
building is recommended if the 
approach flow profiles are well-
known.  
 Hall, 1997; 
Cowan et al., 1997; 
Scaperdas and 
Gilham, 2004  
Recommended a distance of 8H 
between inflow boundary and the 
building. If the approach flow profiles 
are not available, an even larger 
distance should be used to allow for a 
realistic flow establishment. 
 Bartzis et al., 2004 
Outflow (wake) Domain Extension 
In the case of a single building, the 
domain should be positioned at least 
15H behind the building to allow for 
flow re-development behind the wake 
region. 
 Cowan et al., 1997; 
Scaperdas and 
Gilham, 2004; 
Bartzis et al., 2004 
For urban areas with multiple 
buildings, a smaller distance (than 
15H) between the outflow boundary 
and the built area surrounding the 
region of interest can be used. The 
distance depends on the boundary 




(B) Grid Refinement 
Theoretically, as the grid is refined (grid cells become smaller and the number 
of cells in the flow domain increase), the spatial discretization errors, should 
asymptotically approaches zero, excluding computer round-off errors (for a 
fully converged solution) (Ferziger and P’eric, 1996). This is termed grid-
independence (grid-convergence), which is the ability to retain consistency 
across varying cell sizes as the algorithm is attempting to find the same 
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fundamental solution independent of either grid size or scale. A compromise 
should be sought between high computational accuracy, short solution-time 
and cost-effective utilization of the finite computer resources (Russell et al., 
2002). In usual cases, grid chosen will be finer close to buildings and ground 
and then expanded further away to areas where the results are not so important 
(Hu and Wang, 2005).  
 
(C) Cell Geometry Type 
The choice of computational mesh style has a significant impact and that 
special care must be paid to the mesh style and resolution used and especially, 
simulation success is very much dependent on both of them. Selection of the 
most appropriate mesh style for specific tasks depends on the time available 
for grid construction and the accuracy required for the results (Versteeg and 
Malalasekera, 1995).  
 
In the study here, an unstructured polyhedral grid is used for the following 
reasons: 
1. This grid is ideally suited for discretization of complicated geometrical 
domains.  
2. The flow field we are dealing here is a complex one and polyhedral cells 
are better aligned with the air flow. Furthermore, the numerical diffusion 
is minimized as the flow tracks the shape of grid elements (CD-Adapco 
Star-CCM+ help, 2013).  
3. It is useful for domain regions where strong flow gradients occur 
(boundary layers), so as to acquire a better discretization of the targeted 
zone with intense gradients (Teodosiu et al., 2003).  
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(D) Boundary Input Conditions 
The boundary conditions represent the influence of the surroundings that have 
been cut off by the computational domain. The accuracy of results of CFD 
models strongly depends on the accuracy with which the physical quantities 
are defined at the boundaries of the flow domain (input data), as well as on the 
algorithms linking these quantities to the bulk of the flows.  
 
2.4.1.2 Turbulence Models 
 
Broad ranges of turbulence models are available, that vary in complexity, 
accuracy and range of applicability. Three important criteria that influence the 
choice of a turbulent model include: (1) physical nature of the problem, (2) 
quality of attended results and (3) computing power (Bradshaw, 1996).  
 
Existing turbulence models can be classified into four broad categories: (1) 
classical models based on Reynolds-averaged Navier-Stokes (RANS) flow 
equations (e.g. k-ε model, which is by far the most used and validated); (2) 
Large Eddy Simulation (LES) models, which are computationally very 
demanding and therefore mainly used in research applications (Vardoulakis et 
al., 2003), (3) Direct Numerical Simulations (DNS) and (4) Detached Eddy 
Simulation (DES). The choice between the four will be a compromise between 
accuracy, cost and time. RANS equations represent transport equations only 
for the mean or time-averaged flow quantities (e.g. velocity magnitude) with 
all the scales of the turbulence motions being modeled by using a turbulence 
model. But the nonlinearity of the Navier-Stokes equations gives rise to extra 
terms that must be modeled.  
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In our research here, one of the RANS model variants – Realizable k-ε 
turbulence model (RLZ) is selected for use in the simulation studies. This is 
a revised k-ε turbulence model which is a relatively new one that was 
proposed by Shih et al. (Shih et al., 1995). The four types of partial differential 
equations that need to be solved are: 
 


































Where uj is the j component of mean velocity (ms-1), 'ju  is the root-mean-
square of the velocity fluctuation j component, P is the pressure in Newton per 
meter square (Nm-2), t is the time in seconds (s), xj is the j coordinate (m), ρ is 
the air density (kgm-3), μ is the dynamic (molecular) viscosity (kgm-1s-1); gi is 
the gravitational body force (ms-2);  
 
















t = is the turbulent viscosity; where Cμ is a model constant 
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Two turbulence closure equations for realizable k-ε (RLZ): 



























Where Gk is the turbulent kinetic energy production (kgm-1s-2); 
 




























Where S is the scalar measure of deformation or mean strain rate (m2s-2); ν is 
the molecular kinematic viscosity (μ/ρ) (m2s-1); σk (= 1.0) and σε (= 1.2) which 
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are the turbulent Prandtl numbers for k and ε respectively; C1 is a model 





ηC , whereby εη /Sk= , where ijij SSS 2= is the scalar 
measure of the deformation tensor. C2 (= 1.9) is also a model constant (Shih et 
al., 1995; Chan et al., 2002).   
 
The reasons for choosing this model for the study here are as follows: 
• Capability to produce reasonable results within short computational 
time.  
• Computationally less expensive.  
• Although it is the least accurate compared to LES, DNS and DES (all 
of them required substantial computer resources), it is quick, simple 
and possesses good numerical stability (Sorensen and Nielsen, 2003). 
• Model possesses good accuracy, reasonable simplicity and lower 
demand in computational resources compared to other more popular 
models (Shih et al., 1995). 
• Studies showed that it provides best performance in separated flows 
and flows with complex secondary flow (Han, 2005). This is provided 
it is properly coupled with a 2-layer all y+ wall treatment near the 
‘wall’ boundary condition.  
• Superiority of the RLZ has been established for flows including 
boundary layers under strong adverse pressure gradients, separation 
and recirculation (Shih et al., 1995; Teodosiu and Rusaouen, 2000) as 
compared to other RANS models.  
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• Results are in generally good agreement with experimental data. When 
applied properly, it provides reasonable results (Sorensen and Nielsen, 
2003).  
• Most widely used in simulation of airflow and pollutant dispersion and 
an industrial standard in engineering practice. Results can be compared 
with most other researchers (Chang, 2006).  
• RLZ model has been extensively validated for a wide range of flows, 
including rotating homogeneous shear flows, free flows including jets 
and mixing layers, channel and boundary layer flows, and separated 
flows. For all these cases, the model’s performance has been found to 
be substantially better than that of the standard k-ε model (Kim et al., 
1997; Shih et al., 1995).  
• RLZ excels at modeling flow that which involves high shear or 
separation commonly encountered in buildings simulation (DeBlois et 
al., 2013).  
 
But care still needs to be taken due to some inherent limitations of most k-ε 
models in general: 
• Exclusively a pro steady-state methodology, but wind itself is not 
steady.  
• Modeling simplifications (in the velocity inlet profile, initial and 
boundary conditions) will cause discrepancies between computed and 
measured data (Assimakopoulos et al., 2006). Assumptions have to be 
as close to experimental settings as possible.  
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• For more complicated building layouts, computed values tend to be 
comparatively lower than measured values in regions where flow 
patterns are more complex (Hu and Wang, 2005).  
• Difficulty of wall treatments (wall functions and low-Reynolds number 
wall treatment) and their uncertainty in handling flow impingement 
and separation regions where they produce excessive turbulent kinetic 
energy (TKE) (Castro and Apsley, 1997; Sini et al., 1996; Jeong and 
Andrews, 2002). 
• Most pressure as well as velocity deviations are obtained using the 
interpolation of the adjacent cell values, truncation errors are expected 
to appear from these approximations (Hefny and Ooka, 2009). 
 
2.4.1.3 Near-wall Treatment 
 
Correct calculation of a wall-bounded turbulent flow and its associated 
transport phenomena are not possible without an adequate description of the 
flow in the near-wall region. The turbulence models usually employed are 
valid only for flow far from walls (high Reynolds number). In the numerical 
studies here, the 2-layer zonal model treatment is adopted in this research. 
This treatment is suitable for situations that encounter both strong body forces 
and important 3D characteristics of boundary layer. It separates the 
computational domain into a viscosity-affected region (in the neighborhood of 
the wall) and a fully turbulent region. The demarcation between these two 
regions is based on a Turbulent Reynolds number ν
2/1
Re yky =  where y 
stands for the normal distance from the wall at the grid cell centers, k stands 
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for the turbulence kinetic energy and v stands for the kinematic viscosity 
(Figure 2.16).  
 
Figure 2.16: Schematic illustration of the 2-layer zonal model (Wolfstein, 1969) 
 
 
The realizable k-ε (RLZ) turbulent model is employed in the fully turbulent 
region (Rey > 200) as previously described. On the contrary, in the viscosity 
near-wall region (Rey < 200), a one-equation model (only for the turbulent 
kinetic energy) is employed (Wolfstein, 1969). According to Mohammadi and 
Xu et al., this treatment leads to an improved convergence, requires less mesh 
elements in the viscosity sub-layer and introduces properly the distribution of 
the turbulent length scale near the walls (Mohammadi, 1991; Xu et al., 1998).  
 
2.4.2 Wind Tunnel Studies 
 
Physical modeling in wind tunnels has been proven very useful in 
investigating specific characteristics of wind flow within the UCL for different 
morphological variations. It can also serve to verify accuracy of numerical 
models e.g. realizable k-ε models from software like Star-CCM+ before their 
actual use in research studies. Boundary Layer Wind Tunnel (BLWT) is 
constructed to simulate the natural wind conditions around scaled model 
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buildings in a laboratory environment under fully controllable upwind 
boundary and neutrally stratified conditions. The flow field in the wind tunnel 
is a real flow field; hence, the Navier-Stokes equations are exactly satisfied. 
But on the other hand, there are some precautions and limitations that we need 
to take into account when doing a wind tunnel test. Some of these include 
dimensional similarity issues, models blockage problems and sensors’ 
locations which are mentioned in Table 2.16.  
 
Table 2.16: Limitations of wind tunnel studies 
 





Extraneous suction effects introduced into the wake 
due to the proximity of the tunnel walls. 
Friction of the wind tunnel boundaries also affects the 
observed flow and hence is of great concern. 




of results.  
Depends primarily on the proportion of the tunnel 
cross-section area occupied by the model and on 
whether the flow over the model is attached or 
separated. It is always recommended to limit the size 
of model to less than 5% of the area of the working 
section of the wind tunnel.  
In other cases of larger models, the use of corrections 
for the wake blockage is unavoidable.  
Baskaran and 
Kashef, 1996 
The overall blockage of the wind tunnel by the 
obstacles should not exceed in all cases 15%, which 






flow pattern.  
Complex flow pattern may add some difficulties in 
physical measurements; therefore the accuracy of 
experimental data may be impaired. It is likely that 
the measured wind speeds tend to be higher than the 
actual values if the re-circulating flows are strong 
enough to make contributions to the sensor’s 
response. Consequently, the discrepancies between 





2.5 HDB Building Designs and Site Planning 
 
Design principles of HDB flats and precinct planning are important to take 
note of before the embarking of the parametric wind flow study research. 
Generally, the design of a building block is very much affected by the design 
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of the flat unit. As such, different flat unit designs and their variation will give 
rise to a variety of block designs. There are mainly two common physical 
forms of block designs used by the HDB – point block and the slab block. 
Most slab blocks are about 10 to 14 storey high (of 3, 4 or 5-room units mix), 
and each floor is served by a single corridor and lift/s. Point blocks are about 
20 to 25 storey high and have a central core with lift/s and staircase that serves 
4 units (mostly 5-room flats) in each floor, and are often arranged in clusters 
of twos or threes to be identified as site landmarks in a precinct or estate.  
 
By and large, the design (e.g. size, height, shape, etc) of each block is 
determined by various factors. These include site and town planning 
consideration, number of units per block, height restriction within that area, 
population, demographics, etc. In the determination of the site plan, four main 
factors are observed (Wong and Yeh, 1985): 
 
1. Residential density determination - whereby it is calculated by the 
number of dwelling units on a site over the net site area (including car 
parks, commercial areas, etc). It is measured in terms of dwelling units 
per hectare (du/h).  
2. Spacing of building blocks. This is largely determined by height of the 
buildings blocks and the influencing factors include car-parking 
requirements, open spaces, cost, construction technology, lift-ratio and 
proportionate scale. The details of how it is worked out are found in 
Chapter 1, section 1.1.4.1.  
3. The number of car-parking space and forms of car-parking. The demand 
for it is directly proportional to car ownership numbers, which is 
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dependent on the level of society affluence, and also government 
measures to curb car population growth. Car parks come mainly in two 
forms – surface car parks (on the ground) and multi-storey car parks.  
4. Environmental design. The primary issue is solar orientation where most 
slab blocks were orientated with their short sides facing east-west as 
much as possible.  
 
In 1980, HDB adopted a standard measure of 200du/h for its net residential 
density. This net figure has been increased throughout the years to take into 
account of the rising Singapore population through native birth rates and 
immigration. In relation to point 2, the increased demand for larger flats also 
meant that there are two options in block designs. One is to either reduce the 
building spacing and next is to increase the buildings height (subject to height 
restriction at the said area). The former is given priority preference before the 
latter because Singapore has the highest density of airports in the world 
(civilian and military) which impose height restrictions on buildings across 
most of the island as tall buildings are not possible near the flight paths of 
aircraft (Khoo and Su, 2007) (Figure 2.17).  Furthermore, buildings that are 
overly tall might block telecommunications microwave path or the line of 
sight of necessary satellite stations. However, there are attempts in Bishan and 
Toa Payoh to build 30 to 40-storey blocks (higher than the usual 25-storey 
blocks) and in most estates where there are no height restrictions. But 
unfortunately, most areas in Singapore fall under the aviation zones. Next for 
point 3, more multi-storey car parks will be built to ease parking space 
demand and saving more space as the car ownership grows. Finally for point 4, 
due to land area scarcity and more variation in block designs, buildings 
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orientation issues are overcome by effective use of open spaces, corresponding 
of building elevations on both sides of the street, variation of block heights 
with more low-rise blocks fronting the higher blocks, planting of more 
greenery like trees, etc.  
 
2.6 Research Gap 
 
The following are some knowledge gaps that are identified after a thorough 
review in this topic area: 
1. There are no attempts in previous studies to systematically standardize 
the description and quantification of each morphological variable 
(morphological indices) for use in comparison of its influence to Wind 
Velocity Ratio (VR), so as to study the correlation between it and the VR.  
2. Different works argue differently in a different context and there is no 
consensuses on which are the most important morphological factors. 
3. Most of the studies dealt with a single canyon and this limits the 
generality of conclusions we may draw at a larger estate level for urban 
design.  
4. Systematic studies that allow the derivation of general rules and 
relationships between the flow characteristics and the urban geometric 
variables are very scarce. Most importantly, so far no Wind Velocity 
Ratio (VR) model has been developed to amalgam all significant 
independent morphological variables’ indices together (consider the 
interaction of all these variables) that can used to predict ventilation 
































Based on the literature review in Chapter 2, it is found that the following 
urban morphological independent variables affect the ventilation potential in 
urban areas; hence the value of the Wind Velocity Ratio (VR): 
1. Orientation (ORIENT) – canyons that are parallel or oblique to the 
wind direction, generally increases the airflow. 
2. Building Shape (BS) – high compactness (high surface area of all 
buildings relative to the total volume of all buildings) may reduce urban 
ventilation. 
3. Geometry (GEO) – deeper, narrower and longer canyons generally 
decrease airflow. 
4. Gross Building Coverage Ratio (GBCR) – the higher the ratio, the 
more the airflow decreases. 
5. Permeability (PERM) – higher permeability generally increases airflow. 
6. Buildings’ Height Variation (HV) – greater height variation of 
buildings helps to increase airflow. 
7. Staggering of Blocks Arrangement (STAG) – a more staggered block 
arrangement helps to increase airflow to buildings behind. 
 
This study hypothesizes that a significant part of the differences in area-
averaged outdoor ventilation within and between residential developments 
(estate or precinct) can be explained by the impact of the above design-related 




The above-mentioned morphological independent variables are likely to 
explain the variations in the dependent variable VR well and can be readily 
manipulated by designers at the conceptual design stage, especially in high-
density developments. The multivariate linear regression model that is 
developed as part of this research will help to predict the impact of any 
morphological variation on estate level ventilation at a certain level above 
ground, especially if differences in values from the measurements are 




Parametric approach is adopted in this study. The advantage of using 
parametric study instead of those based on realistic circumstances is that 
issues could be isolated and simplified to reduce noise and error. It is also 
much easier to design experimentally. The results will indicate the ‘likely’ 
sensitivity of the performance due to a parameter and provides a good idea of 
what is happening.  
 
In our research here, numerical study is adopted to simulate the conditions of a 
typical public HDB high-rise residential housing estate. A typical estate 
(precinct) size of approximately 500×500m is used as the base case standard, 
assumed to be the typical size for high density living in Singapore. The area-
averaged outdoor velocity magnitude values will be extracted at the pedestrian 
level (cut at a constrained horizontal plane at 2m above ground, within the 
precinct) and the mid-level (mid horizontal level of the average height of all 
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buildings within the precinct, following the values of their respective block 
type in base cases) (Figure 3.1 and 3.2). For the point blocks, the mid-level 
will be fixed at 56m above ground and for the slab blocks will be fixed at 25m 
above ground level. These mid-heights are based on the base cases for the 
respective block types and will be used throughout the study for extracting the 
outdoor average velocities. Outdoor velocity magnitude readings from all the 
mesh cells within the red box for the studied level are extracted and each area-
averaged (according to mesh cell size) over the total area of all cells at the 
same level.   
 
In this research, an isolated estate of 500×500m is chosen to represent a HDB 
precinct instead of extending the same morphology around the analyzed 
section. The reason is because a suitable power-law wind profile has been 
chosen as the boundary condition of the inlet whereby the profile shape has 
already ‘adjusted itself' according toe the surrounding urban morphological 






Figure 3.1: Point blocks layout in a 500x500m HDB estate. Readings from all the 
mesh cells within the red box (for the studied level) are extracted and each area-





Figure 3.2: Slab blocks layout in a 500x500m HDB estate. Readings from all the 
mesh cells within the red box (for the studied level) are extracted and each area-
averaged over the total area of all cells, for outdoor wind velocity magnitude 
 
All the identified morphological variables from literature are investigated for 
their behavior and co-relationship with the VR using a number of varied 
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scenarios. The working out of the VR will be detailed in Section 3.2.2.4. While 
varying a particular parameter, all other independent parameters are kept 
constant.  
 
3.2.1 Scenarios or Cases Adopted 
 
Seven morphological variations have been basically identified to have 
significant effects on outdoor air ventilation from the literature review process. 
They are namely: 
1. Orientation (ORIENT) 
2. Building Shape (BS) 
3. Geometry (GEO) 
4. Gross Building Coverage Ratio (GBCR) 
5. Permeability (PERM) 
6. Buildings’ Height Variation (HV) 
7. Staggering of Blocks Arrangement (STAG) 
 
For comparison purposes, two base case scenarios are used here, one for the 
point blocks (each block dimension is 30×30×112m) (Figure 3.3) and another 
for slab blocks (each block dimension is 100×20×50m) (Figure 3.4). The base 
case spacing between the blocks is 20m apart. All the blocks are confined 
within a 500×500m HDB estate, assumed to be the typical size we have for 
high density living in Singapore. This is the kind of HDB estate morphology 
most likely to be found here, given the current regulations and control (Refer 
to Section 2.5). The detailed variation of different scenarios is as per describe 
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Figure 3.3: BASE CASE: Point blocks layout in a 500x500m HDB estate. Each block 
is 30x30x112m in dimension with a spacing of 20m from each other. The numbers 
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Figure 3.4: BASE CASE: Slab blocks layout in a 500x500m HDB estate. Each block 
is 100x20x50m in dimension with a spacing of 20m from each other. The numbers 
indicate the blocks' height 
 
Wind direction 
calculated from this 
‘North’ direction (0°). 
Wind direction 
calculated from this 
‘North’ direction (0°). 
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3.2.1.1 Orientation of Canyon (ORIENT) 
 
The 500x500m precinct in the middle of the cylindrical domain (Section 
3.2.2.3) will be subjected to wind flow coming from five different directions 
(0˚, 22.5˚, 45˚, 67.5˚ and 90˚) from north. The purpose is to study the effects 
of every different morphological variation under different orientations, on 
pedestrian and mid-level outdoor ventilation within the precinct (Figure 3.5). 
Figure 3.3 and 3.4 shows the orientation of wind with respect to both block 
types.  
 




For every case study we have for the other six morphological variables, it will 
be subjected to all these different wind directions for investigation of wind 
flow behavior. The morphological index that is used to quantify this variable 









(dimensionless), where Li is the length (metres) of the linear segment i, and θi 
is the angle (degrees) between the given azimuth (of flow) and the azimuth of 
linear segment i (Adolphe, 2001). It is the summation of all linear canyon 
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segments e.g. main streets and breezeways, relative to the wind direction and 
indicates the degree of wind penetration into the whole precinct. 
 
3.2.1.2 Building Shape (BS) 
 
The most commonly adopted shapes for HDB flats are the point block and 
slab block types. The base case dimensions of each and every block are as 
follows (Length × Width × Height): 
• Point block – 30×30×112m (can be built higher structurally) (Figure 3.6) 
• Slab block – 100×20×50m (due to structural constraints, a slab block 
cannot go too high) (Figure 3.7) 
 
The morphological index that is used to quantify Building Shape is the 
Compacity Factor (CF) whereby 
ildingvolumeofbu
pedingenveloareaofbuilCF ∑= (m-1) 
(Adolphe, 2001; Yoshida and Omae, 2005). It is a summation of all the 
buildings’ surface areas (metres square) over their building volumes (metres 
cube). The surface area of the building envelope consists of all the vertical 
external wall area, the roof (top) and ground floor area (bottom). It generally 
covers the ‘main shape’ of the building blocks only and does not account for 
the surface areas that are within any voids like sky gardens or ground level 
void decks, and detailed features like window openings, etc. It deals more with 
the macro external dimensions of the building. The building volume is simply 




Figure 3.6: Point blocks arrangement in a 500x500m estate area 
 
 
Figure 3.7: Slab blocks arrangement in a 500x500m estate area 
 
Other less common shapes are not studied due to their rarity and also their 
results are not easily being correlated to other variables in the parametric 
studies.  
 
3.2.1.3 Geometry (GEO) 
 
Geometry variations in terms of building height (H) and width spacing (W) are 
being studied for both types of point and slab blocks. Variables to be studied 
include: 
• Varying the height (H) of all point blocks (from base case of 112m) 
and slab blocks (from base case of 50m). 
• Varying the spacing (W) between all the blocks (from base case of 
20m).  
 
Note: For geometric width variation (W) cases, the boundary of the constraint 
plane will follow the outline perimeter of the whole precinct that is only 
inclusive of all the buildings’ footprint and canyon areas combined within, 
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instead of following the base case of 500m by 500m. The importance is to 
account for all buildings and canyons site coverage only regardless of their 
width variation.  
 
The morphological index that is used to quantify Geometry (GEO) is the 
Maximum Hydraulic Diameter (HDMax), which is defined as the summation 
of all the largest hydraulic diameter (HD) of individual outdoor grid space, 
that are each area-weighted over the whole given precinct. The HDMax can be 
worked out using the following relation:  
HDMax = ∑ [(Largest HD of Area i)*(% of Area i in Precinct)]   (m) 
 
HD is the hydraulic diameter of the studied area HD = 2HW/ (H+W) found 
within the precinct, where H = average height (metres) of both the upwind 
(H1) and downwind (H2) buildings on both sides of an open space or canyon, 
W = horizontal distance (or canyon width) between the buildings (metres) 
(Figure 3.8). The calculation of HD is performed along linear traverses across 
the precinct at different angles for each pair of adjacent elements in a building 
array, of which the largest HD value is selected. This can be quite tedious for 
complex building shapes and pattern cases.  
 
 
Figure 3.8: Illustration of the different geometric parameters where, H1 = height of 
upwind building, H2 = height of downwind building and W = horizontal distance 
between both buildings 
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The composite values of HD are computed at each grid area by selecting the 
largest value from the superimposed matrices from the two traversal directions. 
The HDMax is computed by using the summation of area-weighted average of 
the spatial distribution of the largest composite HD value from each grid area. 
By using this approach, buildings with larger footprints will exert a greater 
influence over the area-weighted average. In addition, open areas and street 
intersections will be calculated by using H as the average height of all the 
buildings within the estate and W as the largest dimension of the whole estate 
(e.g. 500m for base case) to work out the HD value. Figure 3.9 shows an 
example of how researchers in Los Alamos National Laboratory mapped out 
the composite height-to-width ratio (instead of HD) for a residential precinct 
in Phoenix at the individual grid areas (Burian et al., 2002).  
 
 
Figure 3.9: Illustration of the composite height-to-width ratio for a residential section 










3.2.1.4 Gross Building Coverage Ratio (GBCR) 
 
Golany defined Gross Building Coverage Ratio (λp) as the ratio between gross 




∑=λ  (dimensionless) (Golany, 1996). The 
morphological index that will be used to quantify GBCR will follow Golany’s 
format, which is simply the ground area covered by buildings (metres square) 
over the area of whole precinct (metres square). There are three different types 
of GBCR configuration that will be studied here for both the point and slab 
blocks: 
• Random – refers to the buildings, under different GBCR values, will 
be randomly spread around evenly, within the precinct. The spacing 
between the buildings will be as similar as possible to ensure an even 
distribution. 
• Group – buildings are grouped into a cluster together with no 
spreading around the precinct at all. 
• Courtyard – presence of empty spaces within a precinct that are 
designed as courtyards or patches of spaces where people can use for 
different activities.  
 
The different types of GBCR variation used in this parametric study are as 
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Figure 3.10: GBCR ratio for point blocks random configuration 
 
Figure 3.11: GBCR ratio for point blocks group configuration 
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Figure 3.12: GBCR ratio for point blocks courtyard configuration 
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3.2.1.5 Permeability (PERM) 
 
Adolphe presents urban porosity factor as an indication of the useful open 
spaces within an UCL. According to Adolphe, it was calculated by the 
following dimensionless formula: 
Figure 3.14: GBCR ratio for slab blocks group configuration 
 





∑= ))(sec(  and excluding the 
effects of closed outdoor spaces or streets perpendicular to the flow (Adolphe, 
2001). In the study here, three types of permeability are studied for both the 
point and slab blocks: 
• Ground floor permeability only (e.g. void decks) 
• Ground floor and mid-height permeability (e.g. void decks and sky 
gardens) 
• Mid-height permeability only (e.g. sky gardens) 
 
Due to high multi-colinearity of Adolphe’s porosity index to the other 
morphological indices e.g. Relative Sinuosity (ORIENT), Maximum 
Hydraulic Diameter (GEO) and Gross Building Coverage Ratio (GBCR), it 
warrants modification whereby the revised index has a lesser degree of 
correlation with other indices. The revised Permeability (PERM) index 
proposed by the author is as follows:  
 




(cos θi)2 is the Sinuosity (Si) factor, related to the acceleration of the enclosed 
air within the void, which in turn has a component in the direction of the 
pressure gradient caused by oncoming wind flow. E.g. in the case of flow 
normal to the void, Si is equal to zero, which is consistent with the fact that 
this void can be considered to be a lateral cavity and its influence can be 
neglected. PERM index is defined as the summation of continuous pore space 
Porosity volume 
within all the buildings 
in the precinct (m3) 
Total volume of all the 




i, perpendicular to or an angle to wind direction, describing the corridor for 
wind flow within the building itself. Li is the length (metres) of the linear 
segment i (within the building), and θi is the angle (degrees) between the given 
azimuth (of wind flow) and the azimuth of linear segment i. HD is the 
hydraulic diameter (metres) of the cross-section area of the opening of 
continuous pore space i (within the building), which can be described as HD = 
2HW/ (H+W). H = average height (metres) of the opening, W = average 




Figure 3.16: Typical void parameters 
 
 
But in situations whereby porosity occurring on all the four walls of a building 
(e.g. HDB void decks or sky gardens) instead of a continuous pore space 
opening at the front and end only, the opening at the longer side of the 
building is treated as the width (W) to work out the HD, together with the 
height (H) of the pore space. The shorter side of the building will be treated as 
the length of the linear pore space (L) (Figure 3.17). In this case the Si factor 
can be considered as one unit as the four sides of the wall are open for wind to 





Figure 3.17: Typical void parameters 
 
 
Note: For all the PERM parametric study cases, the position and size of the 
voids at each study case are applied uniformly to all the blocks within the 
precinct. Some samples of simulation models are shown in Figure 3.18 to 3.23.  
 
 




































3.2.1.6 Buildings’ Height Variation (HV) 
 
The Buildings’ Height Variation (HV) index that will be adopted in this 
study is simply the standard deviation of the height variation for all the high-











Where Have is the average height (metres) of all the buildings within the 
precinct, Hi is the height (metres) of each individual building and N is the 




Two kinds of height variations will be studied, one is random and the other is 
stratified (with the height of blocks increasing towards the estate most interior 
central area). The total volume of all the blocks within the precinct will be the 
same as the base case in all the study cases, regardless of the amount of 
change in height variations. The spacing between the blocks will be the same 
as the base case of 20m as the focus is on HV study, all else being equal. The 
details of the type of HV are as follow: 
• Random HV – refers to the buildings, under different HV values, will 
have their heights randomly varied from each other. The spread of the 
height  variation will be as random as possible, in order to ensure an 
even distribution of different buildings’ heights (Figure 3.24 and 3.25).  
• Stratified HV – refers to the buildings with their varied heights, 
increasing towards the precinct’s center part (most interior area) 
(Figure 3.26 and 3.27).  
 
(a)   (b)  
(c)  (d)  
 
 
    
 
 
Figure 3.24: HV value for point blocks in some random configurations (a) 21, 
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Figure 3.25: HV value for slab blocks in some random configurations (a) 11, (b) 17, 
(c) 21, (d) 27
 
Figure 3.26: HV value for point blocks in some stratified configurations (a) 21, (b) 34, 
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3.2.1.7 Staggering of Blocks Arrangement (STAG) 
 




∑=λ  (dimensionless), 
defined as the ratio of frontal vertical wall surface area that faces the wind 
direction normally, over the total site area (MacDonald et al., 1998; Raupach, 
1992). Zhang et al. proposed the parameter Frontal Aspect Ratio (λfront) 
( ) totalafrontalareinifront AA /,1=∑=λ  (dimensionless) where n is the 
number of buildings, Ai, frontal area is the frontal building area normal to the wind 
of each one. Atotal is the total plan area (Zhang et al., 2005). Both ratios are 
similar but written in different formats. According to the above researchers, 
the higher the value frontal area density (λF) or frontal aspect ratio (λfront), the 
greater is the staggering effect and hence the better the ventilation potential. 
But there is a major problem in regards to the indices proposed by the above-
mentioned researchers. For example, we will encounter a case when there are 
Figure 3.27: HV value for slab blocks in some stratified configurations (a) 11, (b) 17, 
(c) 21, (d) 27
82 
 
10 blocks in the front most grid row on a given site area versus a second case 
of 100 blocks on the same given site area, lined up in a orderly grid rows 
whereby the rest of the 90 blocks are lined up behind the front most 10 blocks 
(similar to the point block base case). Both will have the same frontal area 
density or ratio when the wind is blowing parallel to the canyons (grid lines), 
but the average outdoor wind velocity will be very much different, with the 
100 blocks case having an average lower outdoor wind flow. Hence, the 
author proposed a much more viable index to quantify Staggering of Blocks 
Arrangement (STAG) and is called the Frontal Area Ratio Index (Afront):  
  ( )[ ] reaTOTALwallaafrontalareinifront AAA /,1=∑=  (dimensionless) 
 
Afront is defined as the summation of all buildings’ frontal areas (metres square) 
that face the wind direction normally, over the total vertical wall area (metres 
square) of all buildings within the given site or precinct area. Ai,frontal area is the 
frontal area of each building i that faces the wind direction normally, and 
ATOTALwallarea is the total wall area of all the buildings within the given site area. 
This index takes into account of the total number of buildings found within a 
given site rather than having a constant site area value as its denominator 
regardless of the number of buildings inside the precinct. Some examples of 
staggering for point and slab blocks are shown in the following Figures 3.28 
and 3.29. 
 
Note: For staggering of blocks configuration cases, the boundary of the 
constraint plane will follow the outline perimeter of the whole precinct that is 
only inclusive of all the buildings’ footprint and canyon areas combined within, 
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instead of following the base case of 500m by 500m. The importance is to 
account for all buildings and canyons site coverage only regardless of their 
degree of staggering variation.   
 
         





        






3.2.2. Computational Fluid Dynamics Simulations 
 
3.2.2.1 Model Description 
 
All computational calculations are performed using the CFD software Star-
CCM+ code from CD-Adapco. Solutions to the problem here utilized a 
turbulence model, in which the Navier-Stokes equations are solved by a set of 
differential equations to represent airflow in 3D. The version of k-ε model that 
 
Figure 3.28: Different degree of staggering arrangement for point blocks (a) 
10m to the right, (b) 20m to the right, of all subsequent rows consecutively 
 
Figure 3.29: Different degree of staggering arrangement for slab blocks (a) 10m 
to the right, (b) 20m to the right, of all subsequent rows consecutively 
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is adopted here is the Realizable k-ε model (RLZ) due to its good agreement 
with experimental data from wind tunnel or field data from other studies, good 
stability and short computation time (Refer to Section 2.4.1.2). The governing 
equations are discretized using a finite volume method and the SIMPLE 
algorithm is used to handle pressure-velocity coupling. The set of discretized 
algebraic equations are solved by the segregated method. The model is limited 
to neutral conditions (unless other terms are added to the equations like 
thermal, pollutant concentrations, solar radiation, etc).  
 
Since Star-CCM+ is not commonly applied in atmospheric wind studies, a 
wind tunnel test will be carried out to validate its accuracy level before 
deciding on its use in this parametric study. The validation study is 
accomplished by comparing the simulation results of both the base cases of an 
array of point and slab blocks, to wind tunnel data. The results showed that the 
velocity magnitude readings from numerical simulations are fairly close to the 
wind tunnel readings (Chapter 4).   
 
3.2.2.2 Model Assumptions and Limitations 
 
Steady state: The k-ε turbulence model solves the steady-state Navier-Stokes 
equations by using two further differential equations to effect closure. The 
assumption is made that the upwind flow has been maintained for sufficiently 
long that the mean flow within the canyon is not changing.  
 
Isothermal or neutral conditions: Next, turbulence production due to 
buoyancy effects is not taken into account since it is assumed that for a 
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reference wind speed above-roof level of 2m/s and higher the wind flow 
patterns cannot be affected by temperature of materials of the air. Hence, the 
model is limited to neutral conditions, unless other terms are added to the 
equations (Assimakopoulos et al., 2006).  
 
Large Reynolds number: Another limitation of the k-e model is the need for 
large Reynolds for convergence to a solution. Usually, for airflow around 
buildings (generally large objects) with wind speeds greater than 1m/s, the 
threshold Reynolds number is exceed (Hunter et al., 1990/91).  
 
Incompressible flow: In the study here, the air within the street canyon is 
regarded as incompressible turbulent inert flow, according to the valid 
assumption at low subsonic speeds, the air densities are assumed to be 
constant under varying pressures. These assumptions are reasonable for mostly 
lower atmosphere environment as described by Sini (Sini et al., 1996). If only 
the lowest 200m of the atmosphere are investigated, assumption of non-
divergent flow fields and constant density might be used without losing 
accuracy in the model results (Castro, 2003). In low speed BLWT, where air 
speed means below 300mph (134.112m/s) or so, compressibility can be 
considered negligible (Rae and Pope, 1984).  
 
Fixed estate size and shape: We limit our estate size to a fixed square area of 
approximately 500×500m for the base case, in line with the most common 




Roof shapes: Since we are dealing with flat roofed HDB buildings, this 
parameter can be ignored. In Singapore, in order to avoid any unforeseen 
incident such as falling objects, no tile pitched roof are allowed for HDB 
blocks above five storeys. Furthermore, no metal-pitched roof shall be used 
for any residential building to avoid any unnecessary unforeseen incidents like 
flying roof (HDB, 2004).  
 
3.2.2.3 Computational Domain 
 
The computational domain adopted here consists of a large cylindrical 
atmospheric volume of radius 1800m and height of 800m (Figure 3.30). The 
domain radius follows the rule as suggested by Singapore’s Building Control 
Authority (BCA) (BCA, 2012) whereby the computational domain radius is 
extended from the development edge, about 3 times of the longest distance 
length which is measured across the boundary of the development (include the 
development of interest, immediate surroundings and buildings, if any), to the 
domain edge. The domain height follows the rule as suggested by COST 
Action 732 (COST, 2007) whereby the minimum height of the domain from a 
building should extend at least 6 times the tallest building’s height from the 
highest building in the whole development. The reason for selecting both 
requirements from different agencies is both are the strictest among those 
suggested by all researchers and guidelines (Table 2.15). We used the height 
of the point blocks (112m), which are taller compared to the slab blocks (50m). 
The development is 500m x 500m, of which 500m is the largest dimension 




(a) Domain radius:  
Longest development dimension = 500m 
Distance from development to domain edge 3 times of longest 
development dimension = 3*500 = 1500m 
Half of longest development dimension = 250m 
Radius of domain = 250m + 1500m = 1750m ≈ 1800m 
  
(b) Domain height:  
Highest building height in development = 112m 
Distance from tallest building in development is 6 times = 6*112 = 
672m 
Height of tallest building = 112m 
Height of domain = 112m + 672m = 784m ≈ 800m 
 
The middle portion of this cylindrical atmospheric domain consists of an 
estate area of HDB blocks at which the parametric study of morphological 
variations will be carried out. The typical estate area is set to 500×500m and 
the area-averaged VR of the estate will be studied for the variation with 
different morphological variable changes. Wind will be coming from the sides 
of the cylinder (inlet) at various angles. The cylinder top is a symmetry plane 
(slip wall) and the cylinder bottom (non-slip wall) is the floor of which the 
boundary layer of the wind will slowly move from the inlet before reaching 
the estate area. With such a domain, there is no need to set an outlet. The 
outlet is considered to be the opposite side of the wind orientation depending 





Figure 3.30: Computational domain; the middle estate area of 500x500m will be 
subjected to various morphological variations 
 
 
3.2.2.4 Boundary Conditions 
 
Inlet boundary: The mean velocity for the inlet is usually obtained from the 
power-law wind profile corresponding to the upwind terrain via the roughness 
length (Z0) or from the profiles of wind tunnel simulations (COST, 2007). 
Available information from Singapore’s meteorological stations is used to 
determine the wind speed at the reference height.  
 
The inlet is placed at a distance of approximately 1500m from the edge of the 
area of interest (building estate cluster) to allow the wind flow to move in 
from a distance away. A power-law wind profile is generated, using the 
velocities of the four prevailing wind directions, obtained from the National 
Environmental Agency (NEA) for a period of 18 years, averaged to a single 
value of 2.7m/s (at reference height of 15.00m) (Table 3.1). This is used for 













variables are as shown in Table 3.2. For this study here, different wind 
directions are to be simulated with the same cylindrical computational domain 
whereby the curved inlet boundary acts as the inflow for winds coming from 
different orientations. The outlet is considered to be the opposite side of the 
wind orientation. 
Table 3.1: Tabulation of Prevailing Wind Direction and Speed obtained from NEA 
(National Environment Agency) over a period of 18 years (BCA, 2012) 
 







Table 3.2: Input variables for the inlet boundary conditions 
 
Parameter Value Input Researcher 
Power law 
exponent (α) 
α = 0.21 
(Cochran, 2002). 
Power law – to approximate 
the vertical upwind profile 
flow in medium density 
suburban areas. 
Ensuring that the minimum 
threshold speeds of 2m/s 
(ambient wind for above-
roof) for development of 
canyon vortices observed by 
DePaul and Shieh was 
comfortably exceeded.  




Z0 = 0.5 
(Suburban  terrains, 










At Ti =5%, occurs at H 
= 467m above ground 
of the power-law wind 
profile worked out. 
Wind velocity at this 





irTUk =  Where Ti 
represents the turbulence 
intensity, Ur is the reference 






kC 2/34/3με =  Empirical 
constant Cμ = 0.09 and l = 
0.07L, where L is the 
characteristic length and in 
this case, the longest distance 
measured across each estate. 








In our research here, a steady power-law wind speed profile of 2.7m/s (at 
reference height of 15m) is adopted for all airflow simulations.  
 
The area-averaged VR is used as an indicator of good ventilation in this study. 
The ratio is written as VR = V/V∞ where V can be the wind velocity at any 
study level (e.g. pedestrian level - 2m above ground and other mid-levels) and 
V∞ is the wind velocity at top of UBL not affected by the ground roughness, 
buildings and local site features. In the research here, V∞ will be fixed (for all 
the VR calculations) at a certain height above ground. It is taken as the height 
level whereby the change in incoming wind velocity between the selected 
level (the wind profile is divided into 1m interval between each level) to the 
top (assumed to be the top of the cylindrical domain at 800m above ground) 
becomes 1% or less. At the top of the domain at 800m above ground, 
according to the power-law profile generated by the boundary conditions, the 
wind velocity is 6.22m/s. At the level of 745m above ground, the wind 
velocity obtained is 6.13m/s, of which is 1% difference from it. So we use V∞ 
as 6.13m/s for working out the VR. The average outdoor velocity magnitude 
values (V) will be extracted at the pedestrian level (2m above ground level) 
and the mid-level (56m for point blocks and 25m for slab blocks) and area-
averaged (according to cell size) within a constrained horizontal plane that is 
confined within the precinct area (500m by 500m). Please refer to the 
beginning of Section 3.2 for more details of how the area-averaged outdoor 
velocity magnitude values are extracted. 
 
Outlet boundary: Outlet is placed where inflow of air is not expected and 
preferentially a great distance away from the area of interest in order to avoid 
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“reflection” of flow from the boundary back in to the domain. A fundamental 
characteristic of all outlet boundaries is that the flow of all variables should 
satisfy the mass conservation condition (Assimakopoulos et al., 2006).  
 
Symmetry boundary (top boundary): The top of the computational domain is 
considered to be a symmetry boundary, where the vertical velocity, the 
induction and dispersion go to zero and it possess slip conditions which do not 
affect wind flow (Assimakopoulos et al., 2006). This condition should only be 
used if the domain top is outside the boundary layer (higher than gradient 
height), so as not to lead to an artificial acceleration of flow in the region of 
interest.  
 
Wall boundary: The solid walls are considered no-slip and impermeable. Both 
vertical as well as horizontal components of the velocity vector are zero. In 
our research here, wall conditions are assigned at the buildings and ground 
areas as both possess frictional properties that affect the wind flow over their 
surfaces (Table 3.3).  
 
Table 3.3: Wall boundary conditions 
 
Parameter Value Input Researcher 
Roughness 
length.  
z0= 0.5 Medium density suburban areas. Wieringa, 1992 
z0= 0.004 Building surfaces assumed to be smooth.  
 
 
3.2.2.5 Meshing Type and Size 
 
Unstructured polyhedral grids are generated for the whole computational 
domain and used throughout in the parametric studies (Figure 3.31). For the 
grid-independence study here, one of the nominal flow conditions e.g. external 
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velocity magnitude (area-averaged within the horizontal constrained plane of 
the 500m by 500m precinct), was taken as the parameter to evaluate a few 
grids densities and determine the influence of the mesh size on the solution. It 
is observed how the calculated flow reaches an asymptotic value as the 
number of cells increases and at the same time, the size of the meshes 
decreases as well (Ferziger and P’eric, 2005; Hooser et al., 2009). Generally, 
most mesh-independence study is carried out by running the exact identical 
case on different grids and checking that the results are smaller than a specific 
tolerance (Chang, 2006). The author decided on a tolerance of 0.01 to be used 
for this mesh-independence study (a predefined value of 0.05 is recommended 
in most references). But due to the large number of simulation cases that are 
needed for a comprehensive parametric study, only the base cases for both 
point and slab HDB blocks are used for this mesh-independence study. The 
area-averaged external wind velocity magnitude readings (from wind coming 
from direction, 0˚ North only), from the horizontal constrained plane within 
the 500m by 500m precinct, at three different levels were extracted. The levels 
that were studied are as follows: 
• Pedestrian level (2m above ground) 
• Mid-level (56m for point blocks, 25m for slab blocks) 
• Three-quarter level (84m for point blocks, 37.5m for slab blocks) 
 
A graph is plotted with x-axis as the cell size (proxy to the number of cells) 
and the y-axis as the variable result. A comparison of the results of different 
mesh sizes for the minimum discrepancy in the mean velocity profiles is done 
and if the change is small and within the predefined value of 0.01, the 
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accuracy of the solutions on a base meshes is satisfied. Mesh independence 
study is done on the mesh size for the building blocks that varies from the 
smallest 1.2m up to 8.5m in size. The growth factor, which can be used to 
increase or decrease the mesh density of the core mesh by changing the rate at 
which cells grown from coarse to fine areas, is set at 0.9. It helps to control the 
grading of the mesh in a localized fashion where finer surface cells exist. 
Values that are more than 1.0 will make the cells grow faster, resulting in 
fewer cells and vice versa. For the point and slab blocks, mesh independence 
occurs when the localized mesh size for the blocks approaches 1.5m. This is 
shown in the figures from Figure 3.32 to 3.34 for point blocks and Figure 3.35 
to 3.37 for slab blocks. In the research here, CFD simulations are part of a 
parametric study that requires hundreds of simulations and hence, the coarser 
grid at the asymptotic value is used for the running of all subsequent 
simulations (Einberg et al., 2005). This optimal localized approximated mesh 
size (or slightly smaller) near the blocks will be used throughout all the 
simulation parametric studies. 
 
3.2.3 Wind Tunnel Studies  
 
Since the CFD software Star-CCM+ is not commonly used in atmospheric 
wind studies, a wind tunnel test will be commissioned to validate its accuracy 
level before using it in this parametric study. Physical scaled models to be 
tested are constructed and placed in an open circuit boundary layer wind 
tunnel (BLWT) at the School of Design and Environment (SDE), National 
University of Singapore. The details of this wind tunnel study can be found in 




















Figure 3.31: Unstructured polyhedral meshing for domain - (a) Overall view, (b) Plan 









Figure 3.33: Mesh independence study for Point Blocks (BASE case, 0 North) at 56m 









Figure 3.34: Mesh independence study for Point Blocks (BASE case, 0 North) at 84m 













Figure 3.36: Mesh independence study for Slab Blocks (BASE case, 0 North) at 25m 





Figure 3.37: Mesh independence study for Slab Blocks (BASE case, 0 North) at 











3.3 Conclusion  
 
The overall methodology of this research is summarized in a flowchart format 
as shown in Figure 3.38. The background study and research objectives have 
been developed in Chapter 1. The literature review is covered in Chapter 2 and 
two hypotheses were developed.  
 
In Chapter 3, the proposed morphological indices for the parametric study are 
listed down and the methodologies to quantify them were explained. 
Furthermore, details for the numerical simulation procedures were elaborated. 
For the purpose of validating the simulation software, the results of the base 
case study of the point and slab blocks from CFD simulations are used to 
compare to the results of the same scenarios done in the wind tunnel study in 
Chapter 4. After this validation study for the CFD software code, a major 
parametric study of all possible morphological variations is carried out in 
Chapter 5. The results were analyzed and explained for their behavior in detail. 
In Chapter 6, all the data that were gathered from Chapter 5 were used for a 
multi-regression analysis to develop a Wind Velocity Ratio (VR) model that 
can help to predict the area-averaged outdoor ventilation at the pedestrian and 
mid-levels within a precinct of a HDB housing estate.  
 
Sensitivity analysis is carried out in Chapter 7 to analyze the dependence of 
the area-averaged VR index due to the variations of each morphological 
variable. Model application and validation is carried out in Chapter 8 whereby 
a case study of an upcoming ‘proposed HDB development’ was used to 
compare the modeled results using the regression model and those that are run 
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by CFD. Results that are close between these two set of readings will show the 
good predictive power of the Wind Velocity Ratio (VR) model; hence, 
validated and verified its successful application. 
 
The final deliverables will mainly be: 
• Morphological indices (7 no.) that are formulated based on their 
individual analysis in the morphology study. They will be used to 
quantify the different urban morphological situations in urban planning 
designs, so as to facilitate future morphologic comparisons on the same 
basis. 
• ‘Wind Velocity Ratio (VR) Model’ for use as a user friendly 
ventilation level prediction tool in future urban planning designs by 
various professionals. This was developed based on the vast amount of 
simulation data from the parametric study, with the use of multi-linear 
regression analysis.  
 
Finally, the model will be used to test on a case study of an upcoming 
proposed HDB development design, with various possible morphological 
variations from the ‘original’ proposed design.   
 
3.4 Importance and Potential Contribution of the Research 
 
This research is expected to contribute as follows: 
1. In Singapore, there is currently no climate-responsive design and 
planning guidelines specific to ventilation optimization for high-density 
HDB housing estates. The development of a ‘Wind Velocity Ratio 
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(VR)’ model can help us to understand the relationship between an urban 
design and its propensity to mitigate UHI through ventilation availability 
and also to compare one design pattern to another.   
2. The development of important morphological indices, that is useful for 
quantifying the independent variables in the ‘Wind Velocity Ratio (VR)’ 
model. It acts as a useful quantifying instrument during the initial urban 
design stage, which enables all the important morphological variables in 
the design to be quantified. They are then related back to the ‘Wind 
Velocity Ratio (VR)’ model to find out the level of ventilation potential 
within an HDB estate. The VR is the dependent variable of the model and 













Hypothesis (Chapter 3) 
• Morphological variables (7 no.) which affect VR. 
• Wind Velocity Ratio (VR) prediction model for area-averaged outdoor 
ventilation potential, within a regular HDB estate or precinct. 
Background study 
(Chapter 1)
Parametric study on area-averaged outdoor ventilation within typical HDB estate 
Numerical study Methodology (Chapter 3) 
• Proposed Morphological indices  
1. Orientation (ORIENT) 
2. Building Shape (BS) 
3. Gross Building Coverage Ratio 
(GBCR) 
4. Geometry (GEO) 
5. Permeability (PERM) 
6. Buildings’ Height Variation (HV) 
7. Staggering of Blocks (STAG) 
• Simulation software – Star-CCM+ 
• Assumptions & limitations 
• Domain size 
• Boundary conditions 
• Mesh size & type 
• Mesh-independence study 
Wind Tunnel Study (Chapter 4) 
• Testing facilities 
• Wind tunnel blockage & model 
span 
• Similarity parameters 
• Sensor tap locations 
• Boundary conditions 
• Assumptions & limitations 
Verification of Numerical Simulation Code 
(Chapter 3) 
• BASE CASES – Point & slab blocks precincts  
• Scenarios / cases selected 
• Assumptions & limitations 
• Boundary conditions – Singapore wind profile 





of all proposed 
morphological variables 
(Chapter 5) 
Continue to A1 



















































DELIVERABLE 2 –  
Wind Velocity Ratio Model 
Continue from A1 
Multi-linear regression analysis of 
all data from parametric study 
(Chapter 6) 
WIND VELOCITY RATIO (VR) Model for area-averaged 
outdoor ventilation within an estate 
APPLICATION 
Case studies of a proposed HDB estate urban 







Figure 3.38: Methodology flow chart
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Wind tunnel modeling studies provide reliable estimates of wind conditions at 
pedestrian or any other levels in outdoor areas within a precinct. The purpose 
of this exercise is mainly for verification of the Star-CCM+ software’s 
reliability before using it in the major parametric CFD study. In the validation 
study, simulation results from Star-CCM+ are compared with wind tunnel data, 
which will be shown at the end of this chapter. The details, procedure and 
important factors to take note of for this wind tunnel test will be discussed in 
the sections that follow.  
 
4.2 Wind Tunnel Testing 
 
4.2.1 Testing Facilities 
 
Physical scale models to be tested were constructed and placed in an open 
circuit boundary layer wind tunnel (BLWT) at the School of Design and 
Environment (SDE), National University of Singapore (NUS). The wind 
tunnel dimensions are 21.00m length by 3.75m width by 1.75m height (Figure 
4.1). It also contains a large turntable (slightly smaller than the test section 
width) that is used to vary the wind direction relative to the model. This is 
considered as a short test-section BLWT which is not capable of generating a 
naturally-grown atmospheric boundary layer (ABL); thus it is necessary to 
accelerate the growth of the natural boundary layer with the aid of passive and 
active devices (e.g. spires, vortex generators, fences, guide vanes, trips, flow 
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straighteners, honeycombs, roughness blocks, etc) (Lakas, 1988; ASCE, 1999). 
The model is always placed at the test section where the boundary layer 
thickness is the maximum (Liu, 1990) (Figure 4.2). An adjustable-speed fan is 
used for controlling the wind speeds. 
 
 
Figure 4.1: Plan and section view of the BLWT in NUS 
 
 
Figure 4.2: Test model placed at the wind tunnel's test section 
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4.2.2 Simulation of the Atmospheric Boundary Layer (ABL) 
 
A constant power-law wind profile is generated to be as close as possible to 
the one that is used in the CFD parametric study, which is based on 2.7m/s at 
reference height of 15m (in prototype case), with the power law coefficient of 
α = 0.21 (based on roughness length Z0 = 0.5) (Figure 4.3). This reference 
wind speed and height is derived from the average speed of the four prevailing 
wind directions (north, northeast, south and southeast) in Singapore taken over 
a period of 18 years as explained in Section 3.2.2.4 (BCA, 2012). Liu 
emphasized that the vertical distribution of velocity at the tunnel test section, 
similar to the logarithmic profile or the power-law profile of the wind 
encountered by prototypes, should be generated correctly (Liu, 1990). In other 
words, both the mean velocity and turbulence characteristics must be similar 
for models as for prototypes. Plate also emphasized on the importance of this 
same requirement (Plate, 1999). The roughness elements (e.g. small cubes on 
the floor), spires (or other vortex generating devices) must be designed to 
produce the type of velocity profile (the correct α value of the power-law 
velocity profile) and the type of turbulence similar to that encountered by the 
prototype structure (Liu, 1990; Lakas, 1988; Plate, 1999). 
 
The maximum speed at a reference height altitude was measured or estimated 










where U = 
mean velocity at height z, Uref = mean velocity at reference height (Zref) (Rae 
and Pope, 1984). In other words, the length scale H/δ must be the same for the 
model as for the prototype, where H is the characteristic length of the building 
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structure such as its height and δ is the boundary layer thickness (Liu, 1990). 
The geometric scale of the model of a building or structure should be chosen 
to maintain, as closely as possible, equality of model and prototype ratios of 
overall building dimensions to the important meteorological lengths of the 
modeled approach wind (ASCE, 1999). In the wind tunnel test, the profile was 
generated at around 3.5m/s at 0.20m (equal to 80.00m in prototype case) 
above the wind tunnel floor, which shares closely the same wind profile as the 
CFD study for easier control.  
 
 










4.2.3 Wind Tunnel Blockage and Model Span 
 
There are two things about the model size that we have to take note when 
deciding on the scale and size of the test models – wind tunnel blockage and 
model span. The flow inside a wind tunnel is subject to the effect of the tunnel 
walls. These constraints prevent the flow from behaving the way it would in 
an open space (Melbourne, 1982). The effect is known as wind tunnel 
blockage and is a function of the ratio of the model’s exposed area, to the wind 
tunnel’s cross-sectional area (Holmes, 1982). Liu suggested that the ratio must 
be less than approximately one-tenth (10%) (Liu, 1990). According to 
Pernpeintner et al., the overall blockage of the wind tunnel by the obstacles 
should not exceed 15% in all cases (Pernpeintner et al., 1995). If this is the 
case, the test section should have as large a cross-sectional area as possible; 
enough to handle a full-scale model and that is why BLWT are usually large in 
size. Next, the model span should be less than 0.8 of tunnel width (Rae and 
Pope, 1984). In the study done here, the blockage ratio of the model’s 
projected frontal area in the wind tunnel to the area of the test section worked 
out to be around maximum of 7.5% (less than 10%) and occupies less than 0.8 
of the tunnel width. 
 
(A) Tunnel Blockage:  
 
Scale of model – 1:400 
Prototype dimensions (follow point block case due to its larger height)  
– 500m (L) by 500m (W) by 112m (H) 
MODEL: 
Model dimensions – 1.25m (L) by 1.25m (W) by 0.28m (H) 
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Diagonal length of estate model  
= Square root (1.252 * 1.252)  
≈ 1.768m 
Area occupied by model = Diagonal length of estate * Height = 1.768m * 
0.28m  
≈ 0.495 m2 
 
Area of wind tunnel cross-section = 3.75m (W) * 1.75m (H) ≈ 6.563m2 
 
TUNNEL BLOCKAGE  
= Area occupied by model / Area of wind tunnel cross-section  
= 0.495 / 6.563 
≈ 0.075 (7.5%) 
 
(B) Tunnel Width:  
 
Scale of model – 1:400 
Diagonal length of estate model (largest dimension)  
= Square root (1.252 * 1.252)  
≈ 1.768m 
 
Width of wind tunnel cross-section = 3.75m  
 
TUNNEL WIDTH COVERAGE  
= Diagonal length of estate model / Width of wind tunnel cross-section 
= 1.768 / 3.75 
≈ 0.47 (< 0.8 of tunnel width) 
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4.2.4 Similarity Parameters 
 
The next issue to consider is the scale of the model which is related to the 
Reynolds number (Re) scaling. For certain types of structures, it is important 
to run the model tests at the same Re as encountered by the prototype. To do 
that, one must either increase the wind speed used in the model tests or 
increase the density of air through compression (Liu, 1990). Increasing wind 
speed can cause a mismatch in the Mach number (Ma) and the only practical 
solution is compressing the air in the wind tunnel, or using a fluid of much 
higher density than air – liquid. Due to the high cost, tests of buildings and 
other structures are generally done in non-pressurized tunnels (Liu, 1990). In 
an ideal case, the model should be tested at the same Re and Ma number as the 
full-scale vehicle. Under these conditions, the forces and moments developed 
by the model can be directly scaled to full scale as the flow patterns and 
pressure distribution will be similar between the model and actual structure 
(Rae and Pope, 1984). Fortunately for most non-curved structures such as 




 for wind tunnel tests. Vh is the velocity of wind (above the UBL) 
at the location, Lb is the characteristic overall dimension of a building and v = 
kinematic viscosity of air. As long as the Re for the model is not too small (at 
least 104), the flow around the model will be turbulent, and kinematic and 
dynamic similarities will prevail even if the model’s Re is much smaller than 
the prototype’s Re (Liu, 1990; ASCE, 1999; Bradley, 2011). Re similarity 
requirement is therefore, relaxed for sharp-edged structures in wind tunnel 
tests. The scale of the model used here is 1:400 and the Re calculated from it 
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has already far exceed the minimum required value of 104. Using the wind 
profile similar to that in CFD study, the wind velocities measured can be used 
for validation purposes.  
 
There are other dimensional similarity parameters that exist, that need to be 
kept constant for exact similarity in order for modeling scaled test to match 
full-scale. But for the kind of wind tunnel test we are conducting here, only the 
Reynolds number is of main concern (Table 4.1).  
 
In conclusion, dimensional similarity is to be achieved for the current research 


















Table 4.1: Dimensional similarity parameters to be considered for wind tunnel test 
 





HU ∞=Re  
 






TTHgGr w ∞−= β  
 
The ratio Gr/Re2 describes the ratio of 
buoyancy forces to the inertial forces of 
the approach flow. When Gr/Re2 ≈ 1, air 
motion is induced by both thermal and 
mechanical effects. However, if 
Gr/Re2 > or = 1, thermal effects are 
more significant. The ratio of Gr/Re2 is 
sometimes referred to as Bulk 
Richardson number Ri or as an 
inverted Froude number.  
But since this research is done under 
isothermal conditions, the only 
dimensionless ratio that we need to take 




μ pC=Pr  
 
For aerodynamic studies with low wind 
speeds (little compression) and 
moderate temperature differences, the 
influence of this parameter can normally 










For aerodynamic studies with low wind 
speeds (little compression) and 
moderate temperature differences, the 










In the low speed flight region, Reynolds 
number effects predominate and 
matching of Mach number is not as 
critical. 
YES. Rae and 
Pope, 1984 




rceinertialfo =  
Since the boundary condition is 
assumed to be incompressible flow (low 
speed), the Mach number need not 
necessarily matched and can be ignored. 
The matching of Mach number usually 
applied only to flight vehicles in the 
high speed flight region as Mach 
number effects predominate and the 
matching of Reynolds number effects 
is not as critical. 
NO. 




rceinertialfo 2=  
For a free flight model (a spin or 
dynamic model) the Froude number 
must be matched. The largest portion of 
wind tunnel tests are made with rigid 
models held in a fixed attitude within 
the tunnel, thus it is not necessary to 





(Continued from Table 4.1)  
 






Concerned with the effect of the 
rotation of the earth on its winds. It 
accounts for a change of wind direction 
of perhaps 5° in 600ft. This is of little 
significance and would be hard to 




number (Ri)  2Re
Gr
 
Represents the relative significance of 
buoyant forces and inertial forces. The 
density stratification for both the model 
and prototype for proper simulation of 
buoyant forces is the same. Since 
neutral stratification is used in this 




H = characteristic length (m) (This can sometimes the height, width or length, depending on 
which is the more important dimension) 
L = characteristic length (m) 
U∞ = mean velocity of the object relative to the fluid (m/s) 
V = velocity of the source relative to the medium (m/s) 
v = mean kinematic viscosity (m2/s) (ν = μ/ρ)  
μ = dynamic viscosity of the fluid (kg/m.s; Pa.s; N.s/m2) 
g = gravitational acceleration (m/s2) 
β= thermal coefficient of volumetric expansion (equal to approximately 1/T for ideal fluids, 
where T is the absolute temperature) 
Tw = surface temperature (K) 
T∞ = temperature of the surrounding fluid far away from the heated surface (K) 
Cp = specific heat capacity at constant pressure (J/(kg.K)) 
λ= thermal conductivity (W/(m.K)) 
ρ = density of the fluid (kg/m3) 
a = speed of sound (m/s) (a = 340.30m/s) 
Ω = 2ω sin θ, where ω = angular velocity of rotation (rad/s), θ = angle between the axis of 
rotation and the direction of fluid motion (rad).  
 
 
4.2.5 Locations of the Sensor Taps 
 
The number and location of sensor taps are determined by the requirements of 
the experiment and the objectives of the researcher (ASCE, 1987). Preferred 
regions for the location of pressure taps are those of high pressure gradients, 
particularly on locations where flow separation occurs, like near the corners of 
walls and the leading edges of roofs (Holmes, 1982). When long tubing or 
small diameter tubing is used, damping of the fluctuations produces inaccurate 
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peak values for the recorded pressures. However, Cermak points out that if 
only mean pressures are to be recorded, the pressure taps may be connected to 
the data acquisition instruments by long tubes, since the integrity of frequency 
response is not necessary (Cermak, 1977; Lakas, 1988). Velocities were 
measured using the Dantec metal-clad probe at the measuring locations. It 
consists of a wire-wound sensor protected by a thin-walled nickel tube, 
mounted on a 2mm thick plate equipped with a 2-pole connector. The probe 
voltage is converted to wind velocity after corrected for variations in air 
temperature. The mean time velocities are determined by averaging the 
instantaneous velocities sampled over three minutes at 2s frequency.  
 
4.2.6 Selected Cases 
 
The tests were carried out over a range of wind directions: 
Point blocks - 0˚, 22.5˚ and 45˚ north 
Slab blocks - 0˚, 45˚ and 90˚ north 
The scale models were subjected to a controlled wind flow and velocity 
readings at each sensor tap corresponds to the velocity at the particular 
location at pedestrian level (2m above ground in prototype case) and mid-
levels (56m for point blocks, 25m for slab blocks in prototype case). 
Velocities for both the point and slab base cases were measured using the 
Dantec metal-clad probe at the measuring locations identified by their position 
number as shown in Figure 4.4.  
 
The probes are place at the following heights: 
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• Pedestrian level (2m in all prototypes) – 0.005m above the wind tunnel 
floor. 
• Mid-level (56m in point blocks) – 0.14m above the wind tunnel floor. 










1. The wind-tunnel is considered a low-speed tunnel (Mach number less 
than one-third); whereby the air density is essentially constant 
everywhere and the flow can be considered ‘incompressible’ (Liu, 1990). 
Under atmospheric conditions, it corresponds to a speed of less than 
110m/s (250mph) approximately, which is around one-third of the speed 
of the sound (340.29m/s). 
2. Temperature stratification is negligible here due to the intense mixing 
(Liu, 1990). In other words, it is so well-mixed that temperature 
gradients do not occur and the approach flow is usually an isothermal 
boundary layer that models a thermally neutral ABL, associated with 
stronger wind speeds (ASCE, 1999; Rae and Pope, 1984; Teunissen, 
1982; Cermak, 1977). Near tall buildings, local acceleration effects due 
to the local geometry are usually dominant over thermal effects, and are 
also the most important for design considerations (Davenport Wind 




The results of the velocity magnitude for CFD and wind tunnel readings are as 
shown in Figure 4.5 to 4.7 for point blocks and Figure 4.8 to 4.10 for slab 
blocks. They show fairly good agreement between both readings with an 
average margin of difference of 0.45m/s or less within the inter-quartile range, 
even though there are some signs of under-prediction by the CFD results. This 
happens especially at the side areas of the precinct (Figure 4.11).  
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In general, it is found that while on any given day the agreement between full-
scale and wind tunnel results may be poor, but when long term averages are 
used, the agreement is much better. Because wind tunnel data are taken using 
a neutrally stable approach flow, which is actually infrequent in real life. 
Given enough time for averaging these non-neutral flows, the averages of day 
and night conditions approaches values associated with neutral conditions 
(ASCE, 1999). 
 
In conclusion, it is found that Star-CCM+ software is sufficiently robust to 
reproduce a realistic wind field and hence is suitable for its use in this major 




Figure 4.5: Comparison of wind tunnel and CFD readings for point blocks, 0˚ north 








Figure 4.6: Comparison of wind tunnel and CFD readings for point blocks, 22.5˚ 






Figure 4.7: Comparison of wind tunnel and CFD readings for point blocks, 45˚ north 








Figure 4.8: Comparison of wind tunnel and CFD readings for slab blocks, 0˚ north 






Figure 4.9: Comparison of wind tunnel and CFD readings for slab blocks, 45˚ north 









Figure 4.10: Comparison of wind tunnel and CFD readings for slab blocks, 90˚ north 












(b) Slab Blocks 
 
Figure 4.11: Box-plot for the difference between CFD and wind tunnel readings 






























CHAPTER 5 : PARAMETRIC STUDY OF THE INFLUENCE OF 





This study hypothesizes that a significant part of the differences in area-
averaged outdoor ventilation within and between residential developments 
(estate or precinct) can be explained by the impact of the seven design-related 
morphological variables. They can be readily manipulated by designers during 
the conceptual design stage to affect average outdoor ventilation potential 
within an estate and serves as independent variables for the Wind Velocity 
Ratio (VR) model, thus helping to provide good prediction for urban designers 
and planners.  
 
The study done in this parametric study will achieve the following objectives 
of:  
• Development of morphological indices for the quantification of 
morphological variables in urban designs – to serve as a form of 
standardization in future researches. 
• Development of operational models i.e. Wind Velocity Ratio (VR) 
models, for use by urban planners and designers in their HDB estate 
layout designs – to check for the area-averaged ventilation potential 
within an estate or precinct.  
 
The various impacts of the morphological variables on the area-averaged VR 




• Pedestrian level (2m above ground level) 
• Average mid-level (56m for point blocks; 25m for slab blocks) 
 
5.2 Parametric Approach  
 
Parametric approach is adopted in this study. For each morphological 
variable study, the studied variable is varied whilst the others remain constant, 
so as to isolate the results that comes from the studied variable. The results 
indicate the ‘likely’ sensitivity of the performance due to a particular 
parameter and provide an idea of what is happening. The main tool adopted in 
this detailed analysis is numerical study, using the CFD simulation software, 
Star-CCM+.  
 
5.3 Findings from Parametric Study 
 
In each simulation case, the area-averaged wind velocity magnitude is 
extracted within the estate at the constraint plane (at pedestrian and mid-levels) 
for both the point blocks and slab blocks and then later converted to VR. The 
comparisons of results are presented in graphical format for wind orientations 
coming from 0°, 22.5˚, 45°, 67.5˚ and 90° north. 
 
5.3.1 Gross Building Coverage Ratio (GBCR) 
 
The morphological index that will be used to quantify GBCR will follow 
Golany’s format, which is simply the ground area covered by buildings over 




∑=λ  (dimensionless) 
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(Golany, 1996). The three different types of GBCR configuration that will be 
studied here for both the point and slab blocks, under different wind 
orientations will be: 
• Random – the buildings will be randomly spread around evenly within 
the precinct.  
• Group – buildings are grouped into a cluster together with no 
spreading around the precinct. 
• Courtyard – empty spaces within a precinct are designed as 
courtyards or patches of spaces where people can use for different 
activities.  
 
From the study results, consistent trends can be observed as using the same 
GBCR value produces different results of area-averaged outdoor wind speed 
within an estate, under different block types, wind orientation and 
configurations. The GBCR values used in this parametric study are as shown 












Table 5.1: Tabulated values of GBCR for the parametric study for random and group 





















Table 5.2: Tabulated values of GBCR for the parametric study for courtyard 





5.3.1.1 Point Blocks 
 
5.3.1.1.1 Point Blocks, Pedestrian Level 
 
The overall results for area-averaged VR values within the estate for point 
blocks under the random, group and courtyard GBCR configurations are 
shown in Figure 5.1 for pedestrian level. The detailed diagrams and figures for 














Figure 5.1: Pedestrian level area-averaged VR against GBCR for (a) random, (b) 




5.3.1.1.1.1 Point Blocks, Pedestrian Level - Random Configuration 
 
In GBCR random configuration for point blocks at pedestrian level, the 
progressive increase in GBCR leads to an increase in ground roughness due to 
the increase in number of blocks (Figure 5.1(a)). This will initially decrease 
the VR readings within the precinct (Figure A2-1(a) and A2-1(b)). The 
continued increase in GBCR will lead to more buildings being placed closed 
to each other which helped to form very effective canyons for channeling 
effects, leading to a progressive increase in VR at the later part (Figure A2-1(c) 
and A2-1(d)). This effect is more prominent in cases where there are more 
canyons parallel to or oblique to the wind direction (e.g. 0˚, 22.5˚, 67.5˚ and 
90˚ north wind directions). Wind from 45˚ north orientation have equally 
opposing wind flows within the precinct from both transverse main canyon 
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directions; hence ground roughness that comes from GBCR increase exerts a 
greater effect than having any existing channeling effects like others (Figure 
A2-1(e), A2-1(f) and A2-1(g)). More detailed findings and explanation are 
shown in Table 5.3. 
 
5.3.1.1.1.2 Point Blocks, Pedestrian Level - Group Configuration 
 
The GBCR group configuration for point blocks at pedestrian level generally 
produces higher VR values compared to random configuration (Figure 5.1(a) 
and 5.1(b)). This is due to the increased in full empty spaces as buildings are 
grouped together and at the same time, relatively more canyons are formed 
due to the grouping; hence this give rise to more channeling effects. Generally, 
as GBCR increases, VR decreases (Figure 5.1(b)) because it is a straight 
forward consideration of building footprint coverage unlike the random 
configuration (Figure A2-2(a), A2-2(b) and A2-2(c)). More detailed findings 












Table 5.3: Parametric study findings and their explanations for point blocks, 
pedestrian level of GBCR – random configuration 
 
GBCR – Pedestrian Level, Point Blocks, Random Configuration 
Wind 
Orient 






As GBCR increases, 
VR decreases and then 
up to a point at around 
0.162, VR increases. 
I.e. following a hump 
shape. 
5.1(a) At the first half of the studies 
(increase in GBCR values until 
0.162), as GBCR increases, the 
increased number of point 
blocks significantly increases the 
ground roughness. Therefore, the 
frictional effects to the airflow 
increases, leading to a decrease 
in area-averaged VR. 
A2-1(a) 
A2-1(b) 
This phenomenon continues 
until a point in time that further 
increase in GBCR causes more 
buildings to be placed close to 
each other. This helps to form 
very effective canyons and this 
increase in canyon numbers 
gives rise to more channeling 
effects that helps to increase the 
wind speed at the pedestrian 
level for the whole precinct.
A2-1(c) 
A2-1(d) 
45˚ As GBCR increases, 
we see a decreasing 




agreeing with the 
common notion from 
previous researchers 
that increasing GBCR 
gives you decreasing 
wind speed. 
5.1(a) Due to the wind direction, wind 
flows within main canyons from 
both transverse directions are 
equally opposing and hence, the 
roughness that comes from 
GBCR effect (increase in 
buildings) is greater than the 
channeling effect that happens in 









The other wind 
directions have 
slightly higher speeds 
than 0˚ and 90˚ north 
winds. 
5.1(a) During the increase in GBCR, 
there are no clear straight 
canyons initially and it is 
towards the higher GBCR ratios 
that canyons started to form. 
Hence, throughout the whole 
process, the so-called channeling 
effect (which commonly gives 
higher velocity readings for 
canyons that are parallel to wind 
orientation in general) that we 
are so familiar with did not take 
place.  
Oblique wind flow in random 
cases helps to provide more 
incoming wind from canyon 
intersections in both directions 
versus winds that are coming 
from 0˚ and 90˚ which may 





Table 5.4: Parametric study findings and their explanations for point blocks, 
pedestrian level of GBCR - group configuration 
 
GBCR – Pedestrian Level, Point Blocks, Group Configuration 
 
 
5.3.1.1.1.3 Point Blocks, Pedestrian Level - Courtyard Configuration 
 
The GBCR courtyard configuration for point blocks at pedestrian level 
generally produces lower VR values compared to the group configuration due 
to the enclosed precinct that has buildings bordering around (Figure 5.1(b) and 
5.1(c)). These act as blockages which reduce the amount of wind entering a 
precinct. The general increase in VR with GBCR increment (Figure 5.1(c)) is 
due to the increase in number of canyons, leading to increase in channeling 
Wind 
Orient 







Generally, the VR 
values are higher if 





This is due to the increased in 
full empty spaces as all buildings 
are now grouped together and at 
the same time, the formation of 
relatively more canyons (due to 
the grouping) for the channeling 







General decrease in 
VR as GBCR 
increases. 
5.1(b) It is a straight forward 
consideration of building 










The difference in VR 
readings between 0˚ 
and 90˚ north and 
between 22.5˚ and 
67.5˚ north readings. 
5.1(b) It is due to the location of the 
chunk of empty space. E.g. if the 
empty space is in front-most 
towards the wind direction, 
readings at this area are very 
high. If the same empty space is 
at back of precinct (away from 
the approaching wind), wind 
here will be much lower due to 
the buildings blocking in front. 
But nevertheless, the decreasing 




As GBCR increases, 
the differences in VR 
between 0˚ and 90˚ 
north decreases. 
5.1(b) More and more spaces are being 
occupied with buildings as 
GBCR increases. This 
minimizes the effect of an 






As GBCR increases, 
the differences in VR 
between 22.5˚ and 
67.5˚ north decreases. 
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effects while having the same precinct border lined up with buildings (Figure 
A2-3(a), A2-3(b) and A2-3(c)). More detailed findings and explanation are 
shown in Table 5.5. 
 
Table 5.5: Parametric study findings and their explanations for point blocks, 
pedestrian level of GBCR - courtyard configuration 
 
















The VR readings are 






This is due to the enclosed 
precinct that has buildings 
bordering around the perimeter. 
These act as blockages which 
reduce the amount of wind 
entering into a precinct as 
compared to a group 








The VR readings are 





This is due to the courtyard 
configuration having more 
lumps of empty spaces and also 
the offsetting effects of their 
surrounding blockages. This is 
balanced by the random 
configuration which does not 
have blockages surrounding their 
precinct but is offset by their 
broken up empty spaces (which 
contributed to roughness) as 








Readings from the 
courtyard 
configuration are 
slightly higher at the 
first part of GBCR 
(0.230 to 0.288) 




This could be due to the broken 
up empty spaces in random 
configuration contributing to the 
roughness and subsequently as 
GBCR increases, the difference 








General increase in VR 
with GBCR 
increment. 
5.1(c) This is due to the increase in 
number of canyons for the 
channeling effects as GBCR 
increases, while having the same 







5.3.1.1.2 Point Blocks, Mid-Level 
 
The overall results of area-averaged VR values within the estate for point 
blocks under the random, group and courtyard GBCR configurations are 
shown in Figure 5.2 for mid-level. The detailed diagrams and figures for 










Figure 5.2: Mid-level area-averaged VR against GBCR for (a) random, (b) group and 
(c) courtyard configuration of point blocks 
 
 
5.3.1.1.2.1 Point Blocks, Mid-Level - Random Configuration 
 
In GBCR random configuration for point blocks at mid-level, the behavioral 
patterns and the reasons behind are very similar to the same configuration at 
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pedestrian level (Figure 5.2(a)). Generally, the VR readings for mid-level are 
higher than pedestrian level (Figure 5.1(a) and 5.2(a)). More detailed findings 
and explanation are shown in Table 5.6.  
Table 5.6: Parametric study findings and their explanations for point blocks, mid-
level of GBCR - random configuration 
GBCR – Mid-Level, Point Blocks, Random Configuration 
 
 
5.3.1.1.2.2 Point Blocks, Mid-Level - Group Configuration 
In GBCR group configuration for point blocks at mid-level, the behavioral 
patterns and the reasons behind are very similar to the same configuration at 
Wind 
Orient 







VR values for mid-level 
are generally higher than 











As GBCR increases, VR 
decreases and then up to a 
point at around 0.234, VR 





5.2(a) At the first half of the studies 
(increase in GBCR values 
until 0.234), as GBCR 
increases, the increased 
number of point blocks 
significantly increases the 
ground roughness. Therefore, 
the frictional effects to the 
airflow increases, leading to a 




This phenomenon continues 
until a point in time that 
further increase in GBCR 
causes more buildings to be 
placed close to each other. 
This helps to form very 
effective canyons and this 
increase in canyon numbers 
gives rise to more channeling 
effects that helps to increase 
the wind speed at the mid-






As GBCR increases, we 
see a decreasing VR curve 
with decreasing gradient 
(reverse natural logarithm) 
curve, agreeing with the 
common notion from 
previous researchers that 
increasing GBCR gives 
you decreasing wind 
speed. 
5.2(a) Due to the wind direction, 
wind flows within main 
canyons from both transverse 
directions are equally 
opposing and hence, the 
roughness that comes from 
GBCR effect (increase in 
buildings) is greater than the 
channeling effect that 








pedestrian level (Figure 5.2(b)). Generally, the VR readings for mid-level are 
higher than pedestrian level (Figure 5.1(b) and 5.2(b)). More detailed findings 
and explanation are shown in Table 5.7. 
 
Table 5.7: Parametric study findings and their explanations for point blocks, mid-
level of GBCR - group configuration 
 














VR values for mid-
level are generally 












Generally, the VR 
values are higher if 





This is due to the increased in full 
empty spaces as all buildings are 
now grouped together and at the 
same time, the formation of 
relatively more canyons (due to 
the grouping) for the channeling 







General decrease in 
VR as GBCR 
increases. 
 
5.2(b) It is a straight forward 
consideration of building 










The difference in VR 
readings between 0˚ 
and 90˚ north and 
between 22.5˚ and 
67.5˚ north readings. 
 
5.2(b) It is due to the location of the 
chunk of empty space. E.g. if the 
empty space is in front-most 
towards the wind direction, 
readings at this area are very high. 
If the same empty space is at back 
of precinct (away from the 
approaching wind), wind here 
will be much lower due to the 
buildings blocking in front. But 
nevertheless, the decreasing trend 




As GBCR increases, 
the differences in VR 
between 0˚ and 90˚ 
north decreases. 
5.2(b) More and more spaces are being 
occupied with buildings as GBCR 
increases. This minimizes the 
effect of an uneven distribution of 





As GBCR increases, 
the differences in VR 




5.3.1.1.2.3 Point Blocks, Mid-Level - Courtyard Configuration 
 
In GBCR courtyard configuration for point blocks at mid-level, the behavioral 
patterns and the reasons behind are very similar to the same configuration at 
pedestrian level (Figure 5.2(c)). Generally, the VR readings for mid-level are 
higher than pedestrian level (Figure 5.1(c) and 5.2(c)). More detailed findings 
and explanation are shown in Table 5.8. 
 
Table 5.8: Parametric study findings and their explanations for point blocks, mid-
level of GBCR - courtyard configuration 
 










VR values for mid-
level are generally 









VR values for mid-
level are generally 
lower than those from 
pedestrian level. 
Due to the opposing wind flows 
within canyons from both 
transverse directions of 45˚ north 
orientation wind, it is more prone 
to disturbance from higher 
turbulence at mid-levels 
compared to that of pedestrian 
level. Wind flow at pedestrian 
level is generally more orderly 
and not being disturbed as much 
as that at mid-levels. It is this 
disturbance from higher 
turbulence at mid-level that 
causes the wind to be further 
slowed down compared to that of 
pedestrian level. 
 
This phenomenon affects the 
courtyard configuration more than 
the others because of the 








The VR readings are 






This is due to the enclosed 
precinct that has buildings 
bordering around the perimeter. 
These act as blockages which 
reduce the amount of wind 
entering into a precinct as 
compared to a group 









5.3.1.2 Slab Blocks 
 
5.3.1.2.1 Slab Blocks, Pedestrian Level 
 
The overall results for area-averaged VR values within the estate for slab 
blocks under the random, group and courtyard GBCR configurations are 
shown in Figure 5.3 for pedestrian level. The detailed diagrams and figures for 
explaining the findings are shown in Appendix 2. 
Wind 
Orient 







The VR readings are 






This is due to the courtyard 
configuration having more lumps 
of empty spaces and also the 
offsetting effects of their 
surrounding blockages. This is 
balanced by the random 
configuration which does not 
have blockages surrounding their 
precinct but is offset by their 
broken up empty spaces (which 
contributed to roughness) as 







General increase in 
VR with GBCR 
increment. 
 
5.2(c) This is due to the increase in 
number of canyons for the 
channeling effects as GBCR 
increases, while having the same 








There is a slight 
decreasing trend with 
increasing GBCR, 
compared to the 
pedestrian level which 




This could be due to the opposing 
wind flow within canyons from 
both transverse directions 
whereby the channeling effects do 
not come into play as in other 
wind orientations, but increasing 
roughness which comes from 
increasing GBCR is more likely 
to cause a decreasing trend in 
mid-level readings.  
 
The pedestrian level readings for 
45˚ north winds have a more 
constant gradient, because it is 
less affected by turbulence found 
at the higher levels within the 












Figure 5.3: Pedestrian level area-averaged VR against GBCR for (a) random, (b) 
group and (c) courtyard configuration of slab blocks 
 
 
5.3.1.2.1.1 Slab Blocks, Pedestrian Level - Random Configuration 
 
In GBCR random configuration of slab blocks at pedestrian level (Figure 
5.3(a)), for cases where there are more canyons parallel or oblique to the wind 
direction (e.g. 67.5˚ and 90˚ north wind orientations), the progressive increase 
in GBCR will increase the ground roughness due to the increase in number of 
blocks (Figure A2-7(c)). This will initially decrease the VR readings within the 
precinct. The continued increase in GBCR will lead to more buildings being 
placed close to each other which helped to form effective canyons for 
channeling effects, leading to VR increase at the later part (Figure A2-7(d)). 
For other cases like 0˚ and 22.5˚ north wind orientation which have lesser 
number of canyons parallel or slightly oblique to the wind flow and plus the 
presence of massive wall areas facing the wind direction, it will be more 
140 
 
affected by the building footprint of GBCR values – consistent progressive 
decrease in VR value as GBCR increases (Figure A2-7(a) and A2-7(b)).  
 
Winds from 45˚ north orientation have equally opposing wind flow within the 
precinct from both transverse main canyon directions; hence ground roughness 
that comes from GBCR increase exerts a bigger effect than having any 
channeling effects (Figure A2-7(e) and A2-7(f)). More detailed findings and 
explanation are shown in Table 5.9. 
 
5.3.1.2.1.2 Slab Blocks, Pedestrian Level – Group Configuration 
 
The GBCR group configuration for slab blocks at pedestrian level generally 
produces higher VR values compared to random configuration (Figure 5.3(a) 
and 5.3(b)). This is due to the increased in full empty spaces as buildings are 
grouped together and at the same time, relatively more canyons are formed 
due to the grouping; hence this give rise to more channeling effects. Generally, 
as GBCR increases, VR decreases (Figure 5.3(b)) because it is a straight 
forward consideration of building footprint coverage unlike the random 
configuration. We also noticed that the higher the number of canyons that are 
parallel or oblique to the wind direction (i.e. 67.5˚ and 90˚), the less steep is 
the gradient of VR decrease with increasing GBCR – indicating the decrease in 
roughness influence of GBCR when there are higher number of canyons and 
lesser blockages from vertical wall areas (Figure A2-8(a) and A2-8(b)). More 





Table 5.9: Parametric study findings and their explanations for slab blocks, pedestrian 
level of GBCR - random configuration 
 









VR readings tend to 
decrease as GBCR 
increases. 
5.3(a) The reason is that for the 
number of canyons that are 
parallel to (0˚ north) or slightly 
oblique (22.5˚ north) to the 
wind orientation, there are only 
3 of them. Hence, this 
arrangement tends to be more 
affected by the building 
footprint of GBCR value; 
thereby leading to the decrease 
in VR as GBCR increases. The 
change in the number of 
canyons by varying the GBCR 
value does not help to create 
more canyons for channeling 







VR readings follows a 
hump shape whereby 
as GBCR increases, 
VR decreases up to a 
point (around 0.184) 
and then starts to 
increase again. 
This is because for the number 
of canyons that are parallel (90˚ 
north) or slightly oblique to the 
wind flow (67.5˚ north), there 
are 12 of them, which is much 
more. This gives rise to the 
possibility that during the first 
half of GBCR until around 
0.184, the increased number of 
slab blocks significantly 
increases the ground roughness; 
therefore leading to a decrease 
in VR (Figure A2-7(c)). This 
phenomenon continues until a 
point that further increase in 
slab blocks placed close to each 
other forms very effective 
canyons that help to advance 
the channeling effects in the 
whole precinct. This helps to 
increase VR at pedestrian level 
from GBCR=0.184 till 0.416 






There is a decrease in 
trend for VR readings 
which is much more 
gradual. 
Winds from 45˚ north have 
equally opposing wind flow 
within the precinct from both 
transverse main canyon 
directions; hence ground 
roughness that comes from the 
GBCR increase exerts a greater 
effect than having any 
channeling effects like those in 
other orientations with higher 
number of canyons parallel to 






Table 5.10: Parametric study findings and their explanations for slab blocks, 
pedestrian level of GBCR - group configuration 
 
GBCR – Pedestrian Level, Slab Blocks, Group Configuration 
 
 
5.3.1.2.1.3 Slab Blocks, Pedestrian Level – Courtyard Configuration 
 
The GBCR courtyard configuration for slab blocks at pedestrian level 
generally produces lower VR values compared to the group configuration due 
to the enclosed precinct that has buildings bordering around (Figure 5.3(b) and 
5.3(c)). These act as blockages which reduce the amount of wind entering a 
precinct. The slight increase in VR with GBCR increment (Figure 5.3(c)) is 
Wind 
Orient 







Generally, the VR 
values are higher if 






This is due to the increased in full 
empty spaces as all buildings are 
now grouped together and at the 
same time, the formation of 
relatively more canyons (due to 
the grouping) for the channeling 







General decrease in 
VR as GBCR 
increases. 
5.3(b) When buildings are grouped 
together, the increased in GBCR 
plays an important role in 
increasing the surface roughness 
of the ground within a precinct. It 
is a straight forward consideration 
of building footprint coverage 







But this decreasing 
trend seems to 
decrease in gradient 
when wind 
orientation goes from 
0˚ north to 90˚ north. 
5.3(b) This indicates the decrease in 
roughness influence of GBCR 
manifests when wind orientation 




90˚ The least influence of GBCR 
come from winds from 90˚ north 
because for slab blocks, the cross 
section wall area facing the wind 
is least (hence more canyons), 
thereby resulted in less massive 
blockages compared to winds 






The 0˚ north wind is blocked by 
more surface wall area facing the 
wind and this causes the GBCR 
values to have a larger influence 





due to the increase in number of canyons, leading to increase in channeling 
effects while having the same precinct border lined up with buildings. The 
gradient of VR increase with GBCR increase is higher in cases where more 
canyons are parallel or oblique to the wind direction (e.g. 67.5˚ and 90˚ north 
wind orientation) – due to the higher channeling effects and smaller massive 
wall surfaces influences (Figure A2-9(a) and A2-9(b)). If there are more 
canyons parallel or oblique to the wind direction at the same level, VR 
magnitudes are the highest compared to the rest (Figure 5.3(c)). More detailed 


































Table 5.11: Parametric study findings and their explanations for slab blocks, 
pedestrian level of GBCR - courtyard configuration 
 













The VR readings are 





This is due to the enclosed 
precinct that has buildings 
bordering around the perimeter. 
These act as blockages which 
reduce the amount of wind 
entering into a precinct as 
compared to a group configuration 







General increase in 
VR with GBCR 
increment. 
5.3(c) This is due to the increase in 
number of canyons for the 
channeling effects as GBCR 
increases, while having the same 








As wind orientation 
changes from 0˚ to 
90˚ north, the 
gradient of the trend 
increases. 
 
5.3(c) This is due to the increase in 
channeling effects, especially for 
wind orientation cases that have 
more canyons parallel to it (e.g. 
90˚ north orientation), and smaller 
influence of the massive wall 




The higher number of canyons i.e. 
67.5˚ and 90˚ north orientation, 
the steeper is the gradient of 
increase with increasing GBCR - 
higher channeling effects. 
 
The oscillating readings of 67.5˚ 
north and 90˚ north could be due 
to the positions of the courtyard as 
sometimes the empty spaces may 
act as diffusion areas if placed 
towards the wind direction. If this 
is placed at the back away from 
wind direction, the canyons in 
front will have ample channeling 
effect in place and hence, will 









The higher the 
number of canyons 
towards the wind 
orientation, the 
higher is the VR at the 
same level. 
5.3(c) For the different orientation of 
wind, it is pretty obvious that 
winds from 67.5˚ north and 90˚ 
north gives the best overall VR 
compared to the rest because there 
is more number of channels in 
place compared to the extreme 
case of 0˚ north that have more 








5.3.1.2.2 Slab Blocks, Mid-Level 
 
The overall results for area-averaged VR values within the estate for slab 
blocks under the random, group and courtyard GBCR configurations are 
shown in Figure 5.4 for mid-level. The detailed diagrams and figures for 









Figure 5.4: Mid-level area-averaged VR against GBCR for (a) random, (b) group and 
(c) courtyard configuration of slab blocks 
 
 
5.3.1.2.2.1 Slab Blocks, Mid-Level - Random Configuration  
 
In GBCR random configuration for slab blocks at mid-level, the behavioral 
patterns and the reasons behind are very similar to the same configuration at 
pedestrian level (Figure 5.4(a)). Generally, the VR readings for mid-level are 
higher than pedestrian level (Figure 5.3(a) and 5.4(a)). More detailed findings 









Table 5.12: Parametric study findings and their explanations for slab blocks, mid-
level of GBCR - random configuration 
 











VR values for mid-
level are generally 










VR readings tend to 
decrease as GBCR 
increases. 
5.4(a) The reason is that for the number 
of canyons that are parallel to (0˚ 
north) or slightly oblique (22.5˚ 
north) to the wind orientation, 
there are only 3 of them. Hence, 
this arrangement tends to be more 
affected by the building footprint 
of GBCR value; thereby leading 
to the decrease in VR as GBCR 
increases. The change in the 
number of canyons by varying the 
GBCR value does not help to 
create more canyons for 
channeling effects as in the case 






VR readings follows a 
hump shape whereby 
as GBCR increases, 
VR decreases up to a 
point (around 0.272) 
and then starts to 
increase again. 
This is because for the number of 
canyons that are parallel (90˚ 
north) or slightly oblique to the 
wind flow (67.5˚ north), there are 
12 of them, which is much more. 
This gives rise to the possibility 
that during the first half of GBCR 
until around 0.272, the increased 
number of slab blocks 
significantly increases the ground 
roughness; therefore leading to a 
decrease in VR. This phenomenon 
continues until a point that further 
increase in slab blocks placed 
close to each other forms very 
effective canyons that help to 
advance the channeling effects in 
the whole precinct. This helps to 
increase VR at pedestrian level 






There is a decrease in 
trend for VR readings 
which is much more 
gradual.  
Winds from 45˚ north have 
equally opposing wind flow 
within the precinct from both 
transverse main canyon 
directions; hence ground 
roughness that comes from the 
GBCR increase exerts a greater 
effect than having any channeling 
effects like those in other 
orientations with higher number 







5.3.1.2.2.2 Slab Blocks, Mid-Level - Group Configuration  
In GBCR group configuration for slab blocks at mid-level, the behavioral 
patterns and the reasons behind are very similar to the same configuration at 
pedestrian level (Figure 5.4(b)). Generally, the VR readings for mid-level are 
higher than pedestrian level (Figure 5.3(b) and 5.4(b)). More detailed findings 
and explanation are shown in Table 5.13. 
Table 5.13: Parametric study findings and their explanations for slab blocks, mid-
level of GBCR - group configuration 
GBCR – Mid-Level, Slab Blocks, Group Configuration 
Wind 
Orient 







Generally, the VR 
readings are higher 
than those for 












Generally, the VR 
values are higher if 





This is due to the increased in full 
empty spaces as all buildings are 
now grouped together and at the 
same time, the formation of 
relatively more canyons (due to 
the grouping) for the channeling 







General decrease in 
VR as GBCR 
increases. 
5.4(b) When buildings are grouped 
together, the increased in GBCR 
plays an important role in 
increasing the surface roughness 
of the ground within a precinct. It 
is a straight forward consideration 
of building footprint coverage 







But this decreasing 
trend seems to 
decrease in gradient 
when wind 
orientation goes from 
0˚ north to 90˚ north. 
5.4(b) This indicates the decrease in 
roughness influence of GBCR 
manifests when wind orientation 




90˚ The least influence of GBCR 
come from winds from 90˚ north 
because for slab blocks, the cross 
section wall area facing the wind 
is least (hence more canyons), 
thereby resulted in less massive 







The 0˚ north wind is blocked by 
more surface wall area facing the 
wind and this causes the GBCR 
values to have a larger influence 





5.3.1.2.2.3 Slab Blocks, Mid-Level - Courtyard Configuration  
 
In GBCR courtyard configuration for slab blocks at mid-level, the behavioral 
patterns and the reasons behind are very similar to the same configuration at 
pedestrian level (Figure 5.4(c)). Generally, the VR readings for mid-level are 
higher than pedestrian level (Figure 5.3(c) and 5.4(c)). More detailed findings 
and explanation are shown in Table 5.14. 
 
Table 5.14: Parametric study findings and their explanations for slab blocks, mid-
level of GBCR - courtyard configuration 
 




























VR values for mid-
level are generally 












The VR readings are 






This is due to the enclosed 
precinct that has buildings 
bordering around the perimeter. 
These act as blockages which 
reduce the amount of wind 
entering into a precinct as 
compared to a group 










5.3.2 Buildings’ Height Variation (HV) 
 
The Buildings’ Height Variation (HV) index that will be adopted in this 
study is simply the standard deviation of the height variation for all the high-
rise buildings within the estate (precinct). The index is formulated as follows: 
Wind 
Orient 




There is a slight 




5.4(c) This is due to the higher number 
of canyons for the channeling 
effects as GBCR increases, 
while having the same precinct 
border lined up with slab blocks. 
The smaller influence of the 
massive wall surfaces against the 
wind compared to 0˚ north 








The increase in trend 
for VR as GBCR 
increase is not too 
obvious. 
 
At mid-levels, the disturbance 
from higher turbulence causes 
the winds to be further slowed 
down compared to that of 
pedestrian level where wind 
flow patterns are more stable and 







There is even a slight 
decrease in VR with 
increasing GBCR 
values. 
Mid-level winds are relatively 
more turbulent compared to 
pedestrian level. Furthermore, 
winds from 0˚ north are the most 
affected by the massive vertical 
wall surfaces facing the wind. 
This increases the turbulence 
even more and causes the slight 







The higher the 
number of canyons 
towards the wind 
orientation, the higher 
is the VR at the same 
level. 
5.4(c) For the different orientation of 
wind, it is pretty obvious that 
winds from 67.5˚ north and 90˚ 
north gives the best overall VR 
compared to the rest because 
there is more number of 
channels in place compared to 
the extreme case of 0˚ north that 
have more massive wall surfaces 













 (m). Where Have is the average height of all the 
buildings within the precinct, Hi is the height of each individual building and 
N is the number of buildings in the precinct. Two kinds of height variations 
will be studied: 
(1) Random HV – the buildings, under different HV values, will have their 
heights randomly varied from each other.  
(2) Stratified HV – the buildings with their varied heights, increasing towards 
the precinct’s center part (most interior area).  
 
The HV values (for random and stratified configurations) used in this 
parametric study are as shown in Table 5.15 for both the point and slab blocks 
study.  
 






5.3.2.1 Point Blocks  
5.3.2.1.1 Point Blocks, Pedestrian Level 
Figure 5.5 shows the overall area-averaged VR results for point blocks under 
the random and stratified HV configurations for pedestrian level. The detailed 
diagrams and figures for explaining the findings are shown in Appendix 2. 
(a)  
(b)  
Figure 5.5: Pedestrian level area-averaged VR against HV for (a) random and (b) 
stratified configuration of point blocks 
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5.3.2.1.1.1 Point Blocks, Pedestrian Level - Random Configuration 
In the HV random configuration for point blocks at pedestrian level, as HV 
increases, VR decreases in all the different orientations (Figure 5.5(a)). This is 
because when HV is low, the variation in height is smaller; hence less 
turbulence is being created and this translates to a more stable and consistent 
wind flow at pedestrian level (Figure A2-13(a)). Larger HV translates into 
higher variation in building heights and this causes wind flow to be highly 
turbulent and erratic, resulting in wind at upper levels unable to reach 
pedestrian levels (Figure A2-13(b)). In addition, overly high buildings do not 
allow wind to reach pedestrian level easily and counter-rotating vortices may 
form at the lowest levels. More detailed findings and explanation are shown in 
Table 5.16. 
Table 5.16: Parametric study findings and their explanations for point blocks, 
pedestrian level of HV - random configuration 
HV – Pedestrian Level, Point Blocks, Random Configuration 
Wind 
Orient 







As HV value 
increases, VR readings 
decrease for all the 
different wind 
orientations. 
5.5(a) The reason is that when HV is 
low, the variation in height is 
smaller and less turbulence is 
being created. This translates 
into a more stable and consistent 




But when HV becomes larger, 
the different heights of the 
buildings causes the wind flow 
to be highly turbulent and 
erratic, resulting in the wind at 
higher levels unable to reach the 
pedestrian level. 
 
When some of the buildings are 
too high, winds that hit the walls 
are not able to reach the 
pedestrian level and in many 
cases, counter-rotating vortices 
are formed at the lowest level. 
The erratic winds also spoilt the 
streamline flow from both 
directions of the main 









5.3.2.1.1.2 Point Blocks, Pedestrian Level - Stratified Configuration 
 
In the HV stratified configuration for point blocks at pedestrian level, the 
patterns of behavior and reasons behind are similar to its random counterpart 
(Figure 5.5(b)). The VR readings are generally only slightly lower, except for 
45˚ north orientation which is much lower. This is because half of the precinct 
is being blocked by taller buildings that were arranged with the tallest 
progressively towards the precinct center (Figure A2-15). As the number of 
canyons is high in this configuration, the effects of the stratified arrangement 
do not lower the VR readings too much compared to its random counterpart 
(Figure 5.5(a) and 5.5(b)). The much lower winds from 45˚ north orientation 
are due to the equally opposing wind flows coming from both transverse main 
canyons, which affects stratified configuration more than its random 
counterpart (Figure A2-16(a)). Winds from the random configuration are 
much more erratic and this tends to neutralize this opposing wind flow i.e. 
Wind 
Orient 







Point blocks have 
more or less similar 
readings for all the 
different orientations 
studied when 
compared to the slab 
blocks. 
5.5(a) This is because when compared 
to the slab blocks, they have 
more symmetrical dimensions (4 
equal sides) and that translates to 
a higher number of urban 
canyons. Wind that is flowing 
into the precinct is more 
predominantly affected by the 
height differences of the 




Whereas for slab blocks, the 
different number of canyons in 
both intersecting directions have 
strong implications to the wind 






narrowing the differences between readings from different orientations (Figure 
A2-16(b)). More detailed findings and explanation are shown in Table 5.17. 
 
Table 5.17: Parametric study findings and their explanations for point blocks, 
pedestrian level of HV - stratified configuration 
 















As HV value 
increases, VR readings 
decrease for all the 
different wind 
orientations.  
5.5(b) The reason is that when HV is 
low, the variation in height is 
smaller and less turbulence is 
being created. This translates 
into a more stable and consistent 
wind flow at the pedestrian 
level. 
 
But when HV becomes larger, 
the different heights of the 
buildings causes the wind flow 
to be highly turbulent and 
erratic, resulting in the wind at 
higher levels unable to reach the 
pedestrian level. 
 
When some of the buildings are 
too high, winds that hit the walls 
are not able to reach the 
pedestrian level and in many 
cases, counter-rotating vortices 
are formed at the lowest level. 
The erratic winds also spoilt the 
streamline flow from both 









The VR readings of 
stratified 
configuration are 
generally only slightly 
lower than random 
configuration, except 
for winds coming at 
an angle of 45˚ north 
which is much lower. 
5.5(a) 
5.5(b) 
The reason for this is that for the 
stratified configuration, as it is 
arranged with the tallest 
buildings in the centre of the 
precinct, about half of the whole 
precinct is being blocked by the 
first half of the taller buildings. 
But as the number of canyons is 
high in both directions within the 
precinct, compared to that of the 
slab blocks, the effect of the 
stratified arrangement do not 
lower the readings too much 










5.3.2.1.2 Point Blocks, Mid-Level 
 
Figure 5.6 shows the overall area-averaged VR results for point blocks under 
the random and stratified HV configurations for mid-levels. The detailed 









The VR readings of 
stratified 
configuration are 
generally only slightly 
lower than random 
configuration, except 
for winds coming at 
an angle of 45˚ north 
which is much lower. 
5.5(a) 
5.5(b) 
For the much lower readings of 
the 45˚ north wind orientation, 
the reason is due to the equally 
opposing wind flows coming 




This happens here and not for 
the random configuration 
because the turbulent winds 
produced by the random 
configuration are more erratic 
and this tends to neutralize this 
opposing canyon wind flows; 
hence, narrowing the differences 
between readings from different 
orientation – this behavior 









Figure 5.6: Mid-level area-averaged VR against HV for (a) random and (b) stratified 
configuration of point blocks 
 
 
5.3.2.1.2.1 Point Blocks, Mid-Level - Random Configuration 
 
In the HV random configuration for point blocks at mid-level, as HV value 
increases, VR increases at all different orientations (Figure 5.6(a)). This is due 
to the increased turbulence created by the wind that hits on the buildings’ 
surfaces at upper levels and then being channeled down (Figure A2-17). This 
benefits upper mid-levels more than the pedestrian levels. The further creation 
of counter vortices at pedestrian levels from winds above is not beneficial to 
ventilation at lower levels. Generally, VR readings for point blocks random 
configuration are higher at mid-level than pedestrian level (Figure 5.5(a) and 





Table 5.18: Parametric study findings and their explanations for point blocks, mid-
level of HV - random configuration 
 
HV – Mid-Level, Point Blocks, Random Configuration 
 
 
5.3.2.1.2.2 Point Blocks, Mid-Level - Stratified Configuration 
In the HV stratified configuration for point blocks at mid-level, the patterns of 
behavior and reasons behind are similar to its random counterpart (Figure 
5.6(a) and 5.6(b)). The VR readings are generally slightly lower than random 
configuration because half of the whole precinct is being blocked by taller 
buildings that were arranged with the tallest progressively towards the precinct 
center. Difference between its VR and its random counterpart is small due to 
Wind 
Orient 







As HV value 
increases, VR readings 
increase for all the 
different wind 
orientations. 
5.6(a) This is due to the increased 
turbulence created by the wind 
that hits on the buildings’ 
surfaces at upper levels and 
then being channeled down. 
This benefits upper mid-levels 
more whereby the distribution 
of the wind flow is felt the 
most. 
 
In further levels down at 
pedestrian level, the creation of 
counter vortices from winds 









VR values for mid-
level are generally 
higher than those 
from pedestrian level. 
5.5(a) 
5.6(a) 





Wind flow is much 
lower compared to the 
rest of the wind 
orientations at the 
same mid-level.  
5.6(a) For the much lower readings of 
the 45˚ north wind orientation, 
the reason is due to the equally 
opposing wind flows coming 
from both transverse main 
canyons. This inflow from both 
canyon directions slows down 
the overall outdoor wind flow 
compared to the other wind 
orientations which are either 
parallel or oblique to the wind 
orientation (higher channeling 
effects and more unobstructed 




the high number of canyons in both transverse intersecting main canyons 
within the precinct.  
Table 5.19: Parametric study findings and their explanations for point blocks, mid-
level of HV - stratified configuration 
 
HV – Mid-Level, Point Blocks, Stratified Configuration 
Wind 
Orient 







VR values for mid-
level are generally 












As the HV value 
increases, VR readings 
increase for all the 
different wind 
orientations. 
5.6(b) This is due to the increased 
turbulence created by the wind 
that hits on the buildings’ 
surfaces at upper levels and then 
being channeled down. This 
benefits upper mid-levels more 
whereby the distribution of the 
wind flow is felt the most. 
 
In further levels down at 
pedestrian level, the creation of 
counter vortices from winds 





Wind flow is much 
lower compared to the 
rest of the wind 
orientations at the 
same mid-level. 
5.6(b) For the much lower readings of 
the 45˚ north wind orientation, 
the reason is due to the equally 
opposing wind flows coming 
from both transverse main 
canyons. This inflow from both 
canyon directions slows down 
the overall outdoor wind flow 
compared to the other wind 
orientations which are either 
parallel or oblique to the wind 
orientation (higher channeling 
















The reason for this is that for the 
stratified configuration, as it is 
arranged with the tallest 
buildings in the centre of the 
precinct, about half of the whole 
precinct is being blocked by the 
first half of the taller buildings. 
But as the number of canyons is 
high in both directions within the 
precinct, compared to that of the 
slab blocks, the effect of the 
stratified arrangement do not 
lower the readings too much 





Generally, the readings show higher VR values for all the wind orientations 
compared to those at pedestrian level (Figure 5.5(b) and 5.6(b)). More detailed 
findings and explanation are shown in Table 5.19. 
 
5.3.2.2 Slab Blocks 
 
5.3.2.2.1 Slab Blocks, Pedestrian Level 
 
Figure 5.7 shows the overall area-averaged VR results for slab blocks under 
the random and stratified HV configurations for pedestrian level. The detailed 









Figure 5.7: Pedestrian level area-averaged VR against HV for (a) random and (b) 
stratified configuration of slab blocks 
 
 
5.3.2.2.1.1 Slab Blocks, Pedestrian Level - Random Configuration 
 
In the HV random configuration for slab blocks at pedestrian level, when there 
are higher number of canyons parallel or oblique to the wind orientation (i.e. 
67.5˚ and 90˚ north wind orientation), the increase in HV often leads to a 
slight decreasing trend in VR (Figure 5.7(a)). The higher number of canyons 
that are parallel or oblique to the wind direction, do not provide improved 
ventilation at pedestrian level as they are more affected by the increase in 
erratic flows that comes about from HV increase. For wind orientations like 0˚ 
and 22.5˚ north, lesser canyon numbers translate to higher wall areas facing 
the wind direction (blockages) (Figure A2-18 and A2-19). The presence of 
height variation here helps to channel more airflow to lower levels and helps 
to improve ventilation at pedestrian level with this wind capturing ability; 
hence utilizing the benefits of height variation more. More detailed findings 
and explanation are shown in Table 5.20. 
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Table 5.20: Parametric study findings and their explanations for slab blocks, 
pedestrian level of HV - random configuration 
 










There is a slight 
increase in VR 
readings with 
increasing HV. 
5.7(a) There are lesser canyons (3 nos.) 
parallel or oblique to the wind 
direction and this translates to 
higher wall areas of the 
buildings facing the wind; thus 
creating higher blockages. 
A2-18 
 
The presence of height variation 
in the precinct morphology helps 
to channel more airflow into the 
lower levels with these 
blockages and also create more 
wind turbulence to improve the 
overall ventilation within the 
precinct. This is unlike the point 
blocks, which have lower wall 
areas to capture the incoming 
wind; slab blocks can utilize the 
benefits of height variation 
more. 
 
Furthermore, as slab blocks are 
usually shorter than point blocks, 
the winds are able to reach the 
pedestrian levels better than 
point blocks which are much 







There is a slight 
decrease in VR 
readings with 
increasing HV. 
5.7(a) When HV is low, the variation in 
height is smaller and less 
turbulence is being created. This 
translates into a more stable and 
consistent wind flow at the 
pedestrian level. But when HV 
becomes larger, the different 
heights of the buildings causes 
the wind flow to be highly 
turbulent and erratic, resulting in 
the wind at higher levels unable 
to reach the pedestrian level. 
 
Another reason is that there are 
much more canyons (12 nos.) 
oblique or parallel to the 90˚ 
north wind orientation and also 
there are lesser wall surfaces 
facing these directions. In these 
cases, height variation will not 
play such an important role in 
helping to improve ventilation in 




5.3.2.2.1.2 Slab Blocks, Pedestrian Level - Stratified Configuration 
 
In the HV stratified configuration for slab blocks at pedestrian level, the 
patterns of behavior and reasons behind are similar to its random counterpart 
(Figure 5.7(b)). The VR readings are generally slightly lower than random 
configuration (Figure 5.7(a)), because half of the precinct is being blocked by 
taller buildings that are arranged with the tallest progressively towards the 
precinct center. More detailed findings and explanation are shown in Table 
5.21. 
 
Table 5.21: Parametric study findings and their explanations for slab blocks, 
pedestrian level of HV - stratified configuration 
 

































The reason for this is that for the 
stratified configuration, as it is 
arranged with the tallest 
buildings in the centre of the 
precinct, about half of the whole 
precinct is being blocked by the 
first half of the taller buildings. 
Therefore, the benefits of having 
height variations are only felt at 
the front areas towards to wind 
direction, whereas those at 
behind the taller buildings are 
















There is a slight 
increase in VR 
readings with 
increasing HV. 
5.7(b) There are lesser canyons (3 nos.) 
parallel or oblique to the wind 
direction and this translates to 
higher wall areas of the 
buildings facing the wind; thus 
creating higher blockages. 
 
The presence of height variation 
in the precinct morphology helps 
to channel more airflow into the 
lower levels with these 
blockages and also create more 
wind turbulence to improve the 
overall ventilation within the 
precinct. This is unlike the point 
blocks, which have lower wall 
areas to capture the incoming 
wind; slab blocks can utilize the 
benefits of height variation 
more. 
 
Furthermore, as slab blocks are 
usually shorter than point blocks, 
the winds are able to reach the 
pedestrian levels better than 
point blocks which are much 






There is a slight 
decrease in VR 
readings with 
increasing HV. 
5.7(b) When HV is low, the variation in 
height is smaller and less 
turbulence is being created. This 
translates into a more stable and 
consistent wind flow at the 
pedestrian level. But when HV 
becomes larger, the different 
heights of the buildings causes 
the wind flow to be highly 
turbulent and erratic, resulting in 
the wind at higher levels unable 
to reach the pedestrian level. 
 
Another reason is that there are 
much more canyons (12 nos.) 
oblique or parallel to the 90˚ 
north wind orientation and also 
there are lesser wall surfaces 
facing these directions. In these 
cases, height variation will not 
play such an important role in 
helping to improve ventilation in 




5.3.2.2.2 Slab Blocks, Mid-Level 
 
Figure 5.8 shows the overall area-averaged VR results for slab blocks under 
the random and stratified HV configurations for mid-level. The detailed 




Figure 5.8: Mid-level area-averaged VR against HV for (a) random and (b) stratified 
configuration of slab blocks 
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5.3.2.2.2.1 Slab Blocks, Mid-Level - Random Configuration 
 
In the HV random configuration for slab blocks at mid-level, as HV value 
increases, VR increases in all the different orientations (Figure 5.8(a)). This is 
due to the increased turbulence created by the wind that hits on the buildings’ 
surfaces at upper levels and then being channeled down. This benefits upper 
mid-levels more than the pedestrian levels.  
 
Table 5.22: Parametric study findings and their explanations for slab blocks, mid-
level of HV - random configuration 
 











VR values for mid-
level are generally 




This is due to the stronger airflow 
at higher levels and the wind 
turbulence generated by the 
height variation is able to show 





The overall VR 
readings are higher 
than that of the point 
blocks at mid-levels 
for wind orientations 
that have more 
canyons parallel or 
oblique to the wind 
orientation (e.g. 45˚, 
67.5˚ and 90˚ north). 
5.6(a) 
5.8(a) 
This is because of the generally 
shorter heights and high number 
of canyons, whereby the rotating 
vortices driven by the ambient 
winds are able to reach the middle 




The VR readings are 
lower than point 
blocks cases at mid-
level. 
This is because of the blockage 
from the massive wall surfaces 







The absolute VR 
readings for all the 
different wind 
orientations increase 
progressively from 0˚ 
to 90˚ north 
orientation. 
5.8(a) The reason is due to the increase 
in the number of unobstructed 
canyons that are orientated in the 
90˚ north direction; hence wind 
flow is able to reach more areas 







In terms of the 
gradient of increase, it 
is noticed that from 0˚ 
to 90˚ north 
orientation, the 
increase in VR with 
increase in HV 
decreases in the 
gradient. 
5.8(a) The benefit of HV is more 
apparent in situations where the 
wall areas are higher (less 
canyons at 0˚ north) compared to 
another case where there are 
lesser wall areas (more canyons at 
90˚ north) to capture the wind 




The magnitudes of VR increase progressive from 0˚ to 90˚ north orientation. 
This is due to the increase in number of unobstructed canyons that are 
orientated to the wind direction; hence improving wind flow into precinct. The 
gradient of VR increase with increase in HV decreases when more canyons are 
parallel or oblique to the wind direction. This is because the benefit of HV is 
more apparent in situations where massive wall areas facing the wind 
direction are larger (lesser canyons) which tends to capture more wind flow. 
Generally, VR readings for point blocks random configuration are higher at 
mid-level than pedestrian level (Figure 5.7(a) and 5.8(a)). More detailed 
findings and explanation are shown in Table 5.22. 
 
5.3.2.2.2.2 Slab Blocks, Mid-Level - Stratified Configuration 
 
In the HV stratified configuration for slab blocks at mid-level, the patterns of 
behavior and reasons behind are similar to its random counterpart (Figure 
5.8(b)). The VR readings are slightly lower than random configuration (Figure 
5.8(a) and 5.8(b)), because half of the whole precinct is being blocked by taller 
buildings that are arranged with the tallest progressively towards the precinct 
center.  
 
The readings show higher VR values for all the wind orientations compared to 
those at pedestrian level due to stronger airflow at higher levels which is more 
beneficial to higher levels (Figure 5.7(b) and 5.8(b)). More detailed findings 





Table 5.23: Parametric study findings and their explanations for slab blocks, mid-
level of HV - stratified configuration 
 
HV – Mid-Level, Slab Blocks, Stratified Configuration 
 
 
5.3.3 Permeability (PERM) 
 
The revised Permeability (PERM) index proposed by the author is as follows:  




Permeability (PERM) index is defined as the summation of continuous pore 
space i, perpendicular to or an angle to wind direction, describing the corridor 
for wind flow within the building itself. Li is the length of the linear segment i 
(within the building), and θi is the angle between the given azimuth (of wind 
flow) and the azimuth of linear segment i. HD is the hydraulic diameter of the 
cross-section area of the opening of continuous pore space i (within the 
building), which can be described as HD = 2HW/ (H+W). H = average height 
Wind 
Orient 







VR values for mid-
level are generally 




This is due to the stronger 
airflow at higher levels and the 
wind turbulence generated by 
the height variation is able to 











lower than random 
configuration.  
 
The general behavior 




The reason for this is that for the 
stratified configuration, as it is 
arranged with the tallest 
buildings in the centre of the 
precinct, about half of the whole 
precinct is being blocked by the 
first half of the taller buildings. 
Therefore, the benefits of having 
height variations are only felt at 
the front areas towards to wind 
direction, whereas those at 
behind the taller buildings are 
being more or less blocked. 
 
Porosity volume 
within all the buildings 
in the precinct 
Total volume of all the 




of the opening, W = average width of the opening. The index and 
quantification methodology details can be referred to under Section 3.2.1.5.  
In the research here, three types of permeability were studied for both the 
point and slab blocks: 
• Ground floor only permeability (e.g. void decks). 
• Ground floor and mid-height permeability (e.g. void decks and sky 
gardens). 
• Mid-height only permeability (e.g. sky gardens). 
 
The Permeability (PERM) values used in this parametric study are as shown in 
Table 5.24 and 5.25 for both the point and slab blocks study respectively. For 
readings having the same PERM value, their VR values will be averaged out. 
In the description column of the tables, the meanings are as follows: 
• Ground – permeability at the ground floor level only. 
• G&M – permeability at ground floor and mid-height levels. 
• Mid – permeability at mid-height level only.  
 
The numbers indicate how many floor-heights of the voids will be for all the 
buildings within the precinct. E.g. G&M, 1 Floor, 3 Mid - at the ground floor, 
the voids are about 1 storey high and at mid-level, the voids are about 3 storey 























5.3.3.1 Point Blocks 
 
5.3.3.1.1 Point Blocks, Pedestrian Level 
 
The overall results for area-averaged VR values within the estate for point 
blocks under the ground floor only, ground floor and mid-height, and mid-
height only PERM configurations are shown in Figure 5.9 for pedestrian level. 











Figure 5.9: Pedestrian level area-averaged VR against PERM for (a) Ground, (b) 
G&M and (c) Mid configurations of point blocks 
 
 
5.3.3.1.1.1 Point Blocks, Pedestrian Level – Ground Floor Only 
Permeability 
 
In the ground floor only permeability configuration for point blocks at 
pedestrian level, VR increases as PERM increases for all the wind orientations 
(Figure 5.9(a)). This is attributed to the positive increase in wind flow as 
height of ground floor voids increases (Figure A2-20(a) and A2-20(b)). The 
VR readings are quite close for all different orientations due to their more 
symmetrical dimensions, higher number of main canyons on both transverse 
orientations (0˚ and 90˚ north) and availability of voids at the ground level; 
hence VR differences under the different wind orientations are very narrow. 








Table 5.26: Parametric study findings and their explanations for point blocks, 
pedestrian level of PERM - ground floor only permeability configuration 
 
PERM – Pedestrian Level, Point Blocks, Ground Floor Only Permeability 
 
 
5.3.3.1.1.2 Point Blocks, Pedestrian Level – Ground Floor and Mid-height 
Permeability 
 
In the ground floor and mid-height permeability configuration for point blocks 
at pedestrian level, VR increases as PERM increases for all the wind 
orientations (Figure 5.9(b)). This is due to the positive increase in wind flow 











VR readings for all the 
wind orientations 
increase steadily as 
PERM increases. 
5.9(a) The positive increase in wind 
flow due to the height increase 
of voids at the ground floor 
level.  
 
In Figure A2-20(a) which shows 
ground floor only permeability 
of 0.007 (1 floor), the wind flow 
is weaker than ground floor only 
permeability of 0.045 (3 floors) 









Point blocks have 
readings which are 
quite close for all the 
different wind 
orientations, unlike 
the slab blocks cases.  
5.9(a) They have more symmetrical 
dimensions (four equal sides) 
and also a higher number of 
urban main canyons at both 
transverse orientations (0˚ and 
90˚ north). 
 
Furthermore, the availability of 
voids at ground levels allows 
wind to travel within the voids. 
Therefore, wind that is flowing 
into the precinct is more 
predominantly affected by the 
voids height rather than the 
different wind orientations.  
 
Whereas for slab blocks, the 
different number of canyons in 
both intersecting directions will 
have stronger implications to the 





Table 5.27: Parametric study findings and their explanations for point blocks, 
pedestrian level of PERM - ground floor and mid-height permeability configuration 
 













VR for all wind 
orientations increase 
steadily as PERM 
increases. 
5.9(b) This is attributed to the positive 
increase in wind flow due to the 
height increase of voids at both 
the ground and mid-height 
levels.   
 
For example, in Figure A2-
21(a) which shows ground floor 
and mid-height permeability of 
0.014 (1 floor, 1 mid), the wind 
flow is weaker than ground 
floor and mid-height 
permeability of 0.090 (3 floors, 
3 mid) as shown in Figure A2-









VR readings for ground 
floor and mid-height 
permeability 
configuration are quite 
close to the VR 
readings for ground 
floor only permeability. 
 
It seems that having 
porosity at two 
different levels did not 
significantly improve 
ventilation compared to 
just having porosity at 
the ground level only.
5.9(a) 
5.9(b) 
From the vector diagrams of the 
section view, we can see that 
wind flow from the mid-height 
voids for PERM = 0.052 (3 
Floor, 1 Mid) did not really 
contribute much to the increase 
in airflow within the canyons 







Furthermore, the VR 
readings of the ground 
floor and mid-height 
configuration are even 
slightly lower than the 
ground floor only 
permeability 
configuration.  
The reason behind this 
phenomenon is likely to be due 
to the disturbance created by 
wind flows coming out from 
mid-level voids, which tend to 
destroy the original stable 
streamline air flows from 
ground level voids by the 
creation of counter vortices, if 
compared to cases where there 
are no mid-level voids at all. 
The disturbance effects by 
these mid-level flows will 
subsequently affect the ground 




Generally, the pedestrian level VR readings for ground floor and mid-height 
permeability configuration are quite close to those of the ground floor only 
permeability configuration (Figure 5.9(a) and 5.9(b)). The additional mid-
height porosity did not significantly improve ventilation at the pedestrian level 
because of the disturbance created by wind flows coming out from mid-level 
voids, which tend to destroy the original stable streamline airflows from the 
ground level voids by the creation of counter vortices (Figure A2-21(c) and 
A2-21(d)). More detailed findings and explanation are shown in Table 5.27. 
 
5.3.3.1.1.3 Point Blocks, Pedestrian Level – Mid-height Only Permeability 
 
In the mid-height only permeability configuration for point blocks at 
pedestrian level, increasing PERM gives an initial increase in VR which 
quickly plateau off to almost constant readings, i.e. further increase in PERM 
have no further improvement to pedestrian level ventilation (Figure 5.9(c)). 
The reason is due to stabilization of the boundary layer within the mid-level 
void openings whereby further height increase in porosity does not provide 
much improvement in VR values at pedestrian level (Figure A2-22(a), A2-









Table 5.28: Parametric study findings and their explanations for point blocks, 
pedestrian level of PERM - mid-height only permeability configuration 
 
PERM – Pedestrian Level, Point Blocks, Mid-height Only Permeability 
 
 
The VR readings for all different orientations are also quite close to each other 
except 45˚ north wind orientation which is very much lower than the rest. This 
is because for 45˚ north winds at higher levels, the inflow from both transverse 
directions of the main canyons provides an opposing flow that slows down the 
overall outdoor wind compared to the other orientations that are parallel or 
oblique to the wind direction. More detailed findings and explanation are 
















VR readings for all 
wind orientations, 
have an initial 
increase of one floor 
mid-height only 
permeability (PERM 
= 0.007) and then 
subsequently the 
















This shows that by increasing 
porosity at mid-levels, there is no 
further improvement to pedestrian 
level winds as shown in velocity 
vectors diagrams of Figure A2-
22(a) and A2-22(b) when we 
increase the PERM = 0.007 (1 
mid) to PERM = 0.045 (3 mid). 
 
The reason could be due to 
stabilization of the boundary layer 
within the mid-level openings 
whereby further height increase 
does not provide much 
improvement in VR values.  
 
From the contour diagrams of 
mid-height only permeability of 
one floor (PERM = 0.007) 
(Figure A2-22(c)) and 3 floors 
(PERM = 0.045) (Figure A2-
22(d)), we can see that increase in 
mid-height only permeability do 
not significantly increase the 












5.3.3.1.2 Point Blocks, Mid-Level 
 
The overall results for area-averaged VR values within the estate for point 
blocks under the ground floor only, ground floor and mid-height, and mid-
height only PERM configurations are shown in Figure 5.10 for mid-level. The 











VR readings at 
pedestrian level for 
mid-height only 
permeability is quite 
comparable to the 
ground floor only 
permeability VR 
readings, except for 
45˚ north wind 
orientation cases 
which are lower. 
5.9(a) 
5.9(c) 
Mid-height only permeability has 
the advantage of bringing in 
stronger wind flows from higher 
level but is affected by 
disturbance from wind coming 
out of the mid-level voids; 
whereas ground floor only 
permeability has the advantage of 
a more stabilized wind flow. 
 
VR readings are quite 
close to each other 
compared to the 
orientation from 45˚ 
north which is very 
much lower than the 
rest at pedestrian 
level. 
5.9(c) This is because when wind comes 
from 45˚ north, the inflow from 
both transverse main canyon 
directions provides an opposing 
flow that slows down the overall 
outdoor wind the most compared 
to the others which are either 
parallel or oblique to the canyon 
orientation, which translates to 
higher channeling effects and 




In contrast, for 
ground floor only 
permeability at 
pedestrian level, the 
45˚ north winds 
orientation VR 
readings are quite 
close to the other 
orientations. 
5.9(a) At pedestrian level, ground floor 
only permeability in the form of 
void decks tends to provide more 
spaces for wind to flow within 
apart from the urban main 
canyons. Hence, the VR readings 
are not so much dictated by wind 
orientation at major main 
canyons. In some ways, this 
neutralizes the differences in 
wind orientation for ground floor 










Figure 5.10: Mid-level area-averaged VR against PERM for (a) Ground, (b) G&M and 









5.3.3.1.2.1 Point Blocks, Mid-Level – Ground Floor Only Permeability 
 
In the ground floor only permeability configuration for point blocks at mid-
level, VR increases as PERM increases for all the wind orientations (Figure 
5.10(a)). This is due to the positive increase in wind flow as height of ground 
floor voids increases (Figure A2-23(a) and A2-23(b)). Generally, VR readings 
for mid-levels are higher than pedestrian level readings for the same 
configuration, except for 45˚ north wind orientation (Figure 5.9(a) and 
5.10(a)). The inflow from both directions of the transverse main canyons of 
45˚ north wind provide opposing flows that slows down the overall outdoor 
ventilation the most compared to the others which are either parallel or oblique 
to the wind direction. The higher turbulence at mid-level is a further added 
disadvantage that pushes the mid-level VR readings for 45˚ north wind 
orientation even lower than pedestrian level readings. Next, the absence of 
mid-level voids is another reason why there are differences in mid-level 
readings from different wind orientations compared to pedestrian level 
readings which have ground floor voids to neutralize the differences. More 











Table 5.29: Parametric study findings and their explanations for point blocks, mid-
level of PERM - ground floor only permeability configuration 
 
PERM – Mid-Level, Point Blocks, Ground Floor Only Permeability 
Wind 
Orient 







VR at mid-level for all 
the wind orientations 
increase steadily as 
PERM increases.  
5.10(a) This is attributed to the positive 
increase in wind flow due to the 
increase in height of the voids at 
ground level.  
 
In Figure A2-23(a) and A2-
23(b), we can compare 1 floor 
ground floor only permeability 
(PERM = 0.007) and 3 floors 
ground floor only permeability 
(PERM = 0.045), whereby the 
higher wind flow from the later 
has positive effects to the 








VR readings for mid-
level are generally 
higher than readings at 
the pedestrian levels, 









VR readings for mid-
level are generally 
lower than readings at 
the pedestrian levels. 
At higher levels, when wind 
comes from 45˚ north, the inflow 
from both directions of the 
transverse main canyon provides 
opposing flows that slows down 
the overall outdoor wind the 
most compared to the others 
which are either parallel or 
oblique to the canyon 
orientation, which translates to 
higher channeling effects and 
unobstructed air movement. 
 
The higher turbulence at mid-
level is a further added 
disadvantage that pushes the 
mid-level VR readings for 45˚ 
north wind orientation even 








There are higher 
differences in the VR 
readings for mid-
levels between all the 
different wind 
orientations, 
compared to the 
pedestrian level where 




Ground level wind is much more 
laminar and less turbulent than 
higher level winds; hence there 
are steadier and less differences 
in readings among all the 
different orientations.   
 
Next, there are no voids at mid-
level unlike the pedestrian level 
where wind from voids tend to 
neutralize the differences in VR 





5.3.3.1.2.2 Point Blocks, Mid-Level – Ground Floor and Mid-height 
Permeability 
 
In the ground floor and mid-height permeability configuration for point blocks 
at mid-level, VR increases as PERM increases for all the wind orientations 
(Figure 5.10(b)). This is due to the positive increase in wind flow as height of 
ground floor and mid-level voids increases. The mid-level VR readings 
plateaus off after a certain PERM increase which can be attributed to the 
stabilization of the boundary layer within the mid-level openings whereby 
further height increase in porosity does not provide much significant 
improvement.  
 
At mid-level, VR for all orientations except 45˚ north orientation cases are less 
than VR readings for ground floor only permeability (Figure 5.10(a) and 
5.10(b)). This is due to the presence of opposing wind flow coming out from 
mid-level voids which affects the original streamline wind for parallel or 
oblique wind flows more by slowing it down (Figure A2-24(a), A2-24(b) and 
A2-24(c)). Winds at 45˚ north orientation mid-level are less affected by this 
problem because of the opposing flows from both transverse main canyons 
directions, which tend to neutralize these opposing wind flows from within the 
mid-level voids ((Figure A2-24(d), A2-24(e) and A2-24(f)); hence minimizing 
the differences in mid-level VR readings between ground floor only 
permeability, and ground floor and mid-level permeability. For the same 
ground floor and mid-height permeability configuration, VR readings at mid-
level are generally higher than pedestrian level (Figure 5.9(b) and 5.10(b)). 
More detailed findings and explanation are shown in Table 5.30. 
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Table 5.30: Parametric study findings and their explanations for point blocks, mid-
level of PERM - ground floor and mid-height permeability configuration 
 




























VR readings for all the 
wind orientations at 
mid-level increase 
steadily initially as 
PERM increases up to 
a level of around 
PERM = 0.030 and 
then plateaus off.  
5.10(b) This is due to stabilization of the 
boundary layer within the ground 
and mid-level openings whereby 
further height increase in 
porosity does not provide much 







VR readings for all 
orientations except 45˚ 
north are less than the 






The presence of opposing wind 
flow coming out from the mid-
level voids, affects the original 
streamline wind flow as 
compared to cases if there were 
no mid-level voids.  
 
Figure A2-24(a) shows the 
vector diagram for ground floor 
only permeability versa Figure 
A2-24(b) for ground floor and 
mid-height permeability. A 
closed up of this opposing wind 
flow at mid-level is as shown in  
Figure A2-24(c) for the ground 
floor and mid-height 
permeability.  
 
This type of opposing wind flow 
is not apparent at ground level 
voids due to less turbulence and 












5.3.3.1.2.3 Point Blocks, Mid-Level – Mid-level Only Permeability 
 
In the mid-height only permeability configuration for point blocks at mid-level, 
VR increases steadily as PERM increases for all the wind orientations (Figure 
5.10(c)). This is due to the positive increase in wind flow as height of mid-
level voids height increase (Figure A2-25(a) and A2-25(b)). Mid-level VR 
readings for all orientations except 45˚ north are less than the readings for 
Wind 
Orient 




VR readings for 45˚ 
north are slightly more 
than the readings for 





Winds at 45˚ north orientation 
are less affected by this problem 
because the opposing flows from 
both transverse directions in the 
main canyons, tend to minimize 
the differences for mid-level VR 
readings between ground floor 
only permeability, and ground 





Those opposing wind flows 
coming from within the mid-
level voids are highly neutralized 
by the oncoming opposing wind 
flow from the transverse main 
canyons; hence the negative 
effects are not as apparent as 
other parallel or oblique wind 
orientations. 
 
Furthermore, 45˚ north winds 
have a more similar flow pattern 
throughout the different levels as 
shown in Figure A2-24(f), which 
explains again why the 
differences in VR between a 
ground level only permeability 
cases and a ground floor and 
mid-height permeability cases do 










Mid-level readings are 
generally higher than 
pedestrian level 
readings for ground 









ground floor only permeability. The reasons are similar to the cases for ground 
and mid-height permeability for mid-level readings of point blocks in Section 
5.3.3.1.2.2. Lastly, for all mid-height only permeability configurations, VR 
readings for mid-levels are generally higher than those at pedestrian level 
(Figure 5.9(c) and 5.10(c)). More detailed findings and explanation are shown 
in Table 5.31. 
 
Table 5.31: Parametric study findings and their explanations for point blocks, mid-
level of PERM - mid-height only permeability configuration 
 



























VR readings for mid-
levels are generally 
higher than those at 
the pedestrian levels. 
5.9(c) 
5.10(c) 









readings for all the 
wind orientations 
increase steadily as 
PERM increases. 
5.10(c) This is attributed to the positive 
increase in wind flow due to the 
height increase of the mid-
height level voids.  
 
Figure A2-25(a) and A2-25(b) 
show the vector diagrams 
between mid-height only 
permeability for PERM=0.007 
(1 mid) and PERM=0.045 (3 
mid), we can see a stronger 






(Continued from Table 5.31) 
 
 
5.3.3.2 Slab Blocks 
 
5.3.3.2.1 Slab Blocks, Pedestrian Level 
The overall results for area-averaged VR values within the estate for slab 
blocks under the ground floor only, ground floor and mid-height, and mid-
Wind 
Orient 






VR readings for mid-
height only 
permeability at all 
orientations except 
45˚ north, are less 
than the VR for 




The presence of opposing wind 
flow coming out from the mid-
level voids, affects the original 
streamline wind flow as 
compared to cases if there were 
no mid-level voids.  
 
This type of opposing wind 
flow is not apparent at ground 
level voids due to less 
turbulence and more stabilized 




Winds at 45˚ north orientation 
are less affected by this problem 
because the opposing flows 
from both transverse directions 
in the main canyons, tend to 
minimize the differences for 
mid-level VR readings between 
ground floor only permeability, 
and mid-height only 
permeability. 
 
Those opposing wind flows 
coming from within the mid-
level voids are highly 
neutralized by the oncoming 
opposing wind flow from the 
transverse main canyons; hence 
the negative effects are not as 
apparent as other parallel or 
oblique wind orientations. 
 
Furthermore, 45˚ north winds 
have a more similar flow 
pattern throughout the different 
levels, which explains again 
why the differences in VR 
between a ground floor only 
permeability cases and mid-
height only permeability cases 





height only PERM configurations are shown in Figure 5.11 for pedestrian 
level. The detailed diagrams and figures for explaining the findings are shown 







Figure 5.11: Pedestrian level area-averaged VR against PERM for (a) Ground, (b) 
G&M and (c) Mid configurations of slab blocks 
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5.3.3.2.1.1 Slab Blocks, Pedestrian Level – Ground Floor Only Permeability 
 
In the ground floor only permeability configuration for slab blocks at 
pedestrian level, VR increases as PERM increases up to a certain level and 
then plateaus off for all wind orientations (Figure 5.11(a)). The initial positive 
increase is due to the increase in voids height at ground floor level whereby 
further increase does not further contribute to ventilation improvement due to 
the stabilization of boundary layer within the voids (Figure A2-26(a) and A2-
26(b)).  
 
Generally, the number of canyons parallel or oblique to the wind plays an 
important role in determining the VR magnitudes, with the highest values 
belonging to those with highest number of canyons parallel to the wind. More 
detailed findings and explanation are shown in Table 5.32. 
 
 
5.3.3.2.1.2 Slab Blocks, Pedestrian Level – Ground Floor and Mid-height 
Permeability 
 
In ground floor and mid-height permeability configuration for slab blocks at 
pedestrian level, VR increases as PERM increases up to a certain level and 
then plateaus off for all the wind orientations (Figure 5.11(b)). The reason is 
due to the stabilization of the boundary layer within the ground floor and mid-
level void openings whereby further increase does not provide much 
improvement of VR values. For VR readings at pedestrian level, the values for 
ground floor and mid-height permeability are close to the readings for ground 
floor only permeability configuration (Figure 5.11(a) and 5.11(b)). The extra 
porosity from mid-levels do not seem to improve the ventilation at pedestrian 
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level (Figure A2-27(a) and A2-27(b)). The reason could be due to the 
disturbance created by wind flows from mid-level voids as mentioned above 
for ground floor and mid-height permeability configuration for point blocks in 
Section 5.3.3.1.1.2 for pedestrian level. More detailed findings and 
explanation are shown in Table 5.33. 
 
Table 5.32: Parametric study findings and their explanations for slab blocks, 
pedestrian level of PERM - ground floor only permeability configuration 
 














VR for all the wind 
orientations at 
pedestrian level 
increase as PERM 
increases and then 
plateaus off. 
5.11(a) This is attributed to the positive 
increase in wind flow due to the 
increase in height of the voids 
at ground floor during the 
initial stage.  
 
Figure A2-26(a) and A2-26(b) 
shows the effect of the increase 
in permeability from 
PERM=0.005 (1 floor) to 
PERM=0.043 (3 floors) 
whereby wind flow showed 
some increase after an initial 
large VR increase.   
 
Further increase in ground level 
porosity does not further 
contribute to increase in wind 
flow at pedestrian level due to 
stabilization of the boundary 
layer within the voids whereby 
further height increase does not 










The number of canyons 
parallel or oblique to 
the wind orientation do 
play a part in the VR 
values with 0˚ north 
(with lowest number of 
canyons) readings 
having the lowest 
values.  
5.11(a) The number of canyons oblique 
or parallel to the wind direction 
affects the amount of wind 




Table 5.33: Parametric study findings and their explanations for slab blocks, 
pedestrian level of PERM - ground floor and mid-height permeability configuration 
 















VR for all wind 
orientations increase 
steadily initially up to 
around PERM = 0.011 
and then more or less 
plateaus off. 
5.11(b) Due to stabilization of the 
boundary layer within the ground 
floor and mid-level void openings 
whereby further height increase in 
porosity does not provide much 











compared with VR 




readings of both are 




From the vector diagrams of the 
section view, we can see that 
wind flow from the mid-level 
voids for PERM = 0.026 (2 Floor, 
1 Mid) did not significantly 
contribute to the increase in 
airflow within the canyons for 
PERM = 0.020 (2 Floor) at 
pedestrian level. 
 
The disturbance created by wind 
flows coming from mid-level 
voids, tend to destroy the original 
stable streamline air flows from 
ground level voids within the 
canyons by the creation of 
counter vortices, if compared to 
cases where there are no mid-
level voids. The disturbance 
effects by these mid-level flows 
will subsequently affect the 










orientations like 0˚ 
north have VR 
readings are even 
slightly lesser than the 




The extra porosity 
from the mid-levels do 
not significantly 
contribute more to 







Next, we can see that 
the orientation of the 
number of canyons to 
the wind flow do play 
a part in the VR values 
with 0˚ north (with 
lowest number of 
canyons) readings 
having the lowest 
values. 
5.11(b) The number of canyons oblique 
or parallel to the wind direction 
affects the amount of wind 




5.3.3.2.1.3 Slab Blocks, Pedestrian Level – Mid-level Only Permeability 
 
In the mid-height only permeability configuration for slab blocks at pedestrian 
level, VR increases as PERM increases up to a certain level and then plateaus 
off for all the wind orientations (Figure 5.11(c)). The reason again could be 
due to stabilization of the boundary layer within the mid-level void openings 
whereby further height increase in porosity does not provide much 
improvement in VR values at pedestrian level (Figure A2-28(a) and A2-28(b)). 
More detailed findings and explanation are shown in Table 5.34. 
 
Table 5.34: Parametric study findings and their explanations for slab blocks, 
pedestrian level of PERM - mid-height only permeability configuration 
 















VR readings at 
pedestrian level for all 
wind orientations, 
have an initial increase 
with a one floor mid-
height porosity 
(PERM = 0.005) and 
then subsequently the 
readings plateau off 
with increasing 
PERM. 
5.11(c) This is due to stabilization of the 
boundary layer within the mid-
level openings whereby further 
height increase in porosity does 
not provide much improvement in 
VR values.  
 
This shows that by increasing 
porosity at mid-height, there is 
not much further improvement as 
shown in velocity vectors 
diagrams of  Figure A2-28(a) and 
A2-28(b) showing the difference 
between PERM=0.005 (1 mid) 







VR readings for mid-
height only 
permeability are quite 
comparable to the 
ground floor only 
permeability VR 
readings for 45˚, 67.5˚ 





The reason could be due to the 
higher number of canyons parallel 
to the 90˚ north wind orientation 
(12 nos.) whereby the readings at 
pedestrian level for both mid-
height only permeability and 
ground floor only permeability, 








5.3.3.2.2 Slab Blocks, Mid-Level 
 
The overall results for area-averaged VR values within the estate for slab 
blocks under the ground floor only, ground floor and mid-height, and mid-
height only PERM configurations are shown in Figure 5.12 for mid-level. The 












VR readings for mid-
height only 
permeability for 0˚ and 
22.5˚ north wind 
orientation are lower 






For the number of canyons facing 
the 0˚ north orientation, there are 
only 3 nos., hence the higher 
degree of blockages will result in 
lower wind flow at pedestrian 
levels for mid-height only 
permeability.  
 
Furthermore, wind flow for 
ground floor only permeability 
cases at pedestrian level is more 
stabilized in flow rather than 
turbulent like at mid-levels; hence 
it resulted in more improved wind 








Figure 5.12: Mid-level area-averaged VR against PERM for (a) Ground, (b) G&M and 




5.3.3.2.2.1 Slab Blocks, Mid-Level – Ground Floor Only Permeability 
 
In the ground floor only permeability configuration for slab blocks at mid-
level, VR increases as PERM increases up to a certain level and then plateaus 
off for all the wind orientations (Figure 5.12(a)). The initial increase is due to 
the increase of voids height at ground floor whereby further increase does not 
further contribute to improved ventilation due to stabilization of the boundary 
layer within the voids. For cases of mid-level VR readings that are lower than 
pedestrian level readings (Figure 5.11(a) and 5.12(a)); besides the lack of 
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voids at mid-level, they tend to occur in cases there are higher massive wall 
areas (lesser canyons parallel to wind direction e.g. 0˚ and 22.5˚ north 
orientation) facing the wind direction which translates to higher blockages to 
wind flow (Figure A2-29(a)). Orientations that have more canyons parallel or 
oblique to wind orientation will have lesser blockages and more channeling 
effects (e.g. 67.5˚ and 90˚ north orientation) and this makes VR readings at 
mid-levels higher than pedestrian levels (Figure A2-29(b)). The reasons for 
the lower readings of 45˚ north wind orientation for mid-levels than pedestrian 
levels is the same for the point blocks case in Section 5.3.3.1.2.1. More 























Table 5.35: Parametric study findings and their explanations for slab blocks, mid-
level of PERM - ground floor only permeability configuration 
 















VR for all wind 
orientations at mid-
level increase as 
PERM increase and 
then plateaus off. 
5.12(a) This is attributed to the positive 
increase in wind flow due to the 
increase in height of the voids at 
ground floor during the initial 
stage.  
 
Further increase in ground level 
porosity does not further 
contribute to increase in wind 
flow at mid-level due to 
stabilization of the boundary layer 
within the voids whereby further 
height increase does not provide 





VR readings for wind 
orientations of 0˚ and 
22.5˚ north are lower 




At mid-levels, the presence of 
wall areas that face the wind 
direction translates to higher 
blockages to the wind flow. There 
are no voids at mid-level unlike 
the pedestrian level where the 
ground-level voids help to 
promote higher ventilation. This 
is especially true when there are 
lesser canyons parallel or oblique 
to wind direction. 
 
Next, the formation of rotating 
vortices at the middle of the 
canyons has negative effects to 
VR values as wind speed is the 
weakest at this area; whereas at 
the pedestrian level, ground floor 
only permeability exerts a more 





VR readings for wind 
orientations of 67.5˚ 
and 90˚ north are 




When there is higher number of 
canyons parallel or oblique to 
these wind orientations, it 
translates to lesser blockages to 
the wind and furthermore, due to 
the channeling effects and higher 
wind flow at upper levels, wind 
flow at mid-levels is higher than 
pedestrian level. The high number 
of canyons helps to advance wind 
flow at mid-levels even if 
permeability occurs at only 









5.3.3.2.2.2 Slab Blocks, Mid-Level – Ground Floor and Mid-height 
Permeability 
 
In the ground floor and mid-height permeability configuration for slab blocks 
at mid-level, VR increases as PERM increases up to a certain level and then 
plateaus off for all the wind orientations (Figure 5.12(b)). The reason is due to 
stabilization of the boundary layer within the ground floor and mid-level 
openings whereby further increase does not provide much improvement of VR 
values. Next, the VR readings at mid-level for ground floor and mid-height 
permeability are lesser than the readings for ground floor only permeability 
configuration (Figure 5.12(a) and 5.12(b)). The presence of opposing wind 
flows coming out from the mid-level voids is the same as the case for ground 
floor and mid-height permeability configuration for point blocks as mentioned 
Wind 
Orient 




VR readings for wind 
orientations of 45˚ 
north are lower than 




At higher levels, when wind 
comes from 45˚ north, the inflow 
from both directions of the 
transverse main canyons provides 
opposing flows that slows down 
the overall outdoor wind the most 
compared to the others which are 
either parallel or oblique to the 
canyon orientation.  
 
The higher turbulence at mid-
level is a disadvantage to the 45˚ 
north orientation wind whereby 
the wind flow is more disturbed - 
VR readings become lesser than 
those measured at pedestrian 
level.  
 
On the other hand at ground level, 
wind is steadier and less turbulent 
than higher level winds – translate 





previously above in Section 5.3.3.1.2.2 (Figure A2-30(a) and A2-30(b)). 
Orientations with lesser canyons parallel or oblique to the wind orientation 
and more massive wall areas facing the wind direction will be more affected 
by these opposing flows from the voids. More detailed findings and 
explanation are shown in Table 5.36. 
 
Table 5.36: Parametric study findings and their explanations for slab blocks, mid-
level of PERM - ground floor and mid-height permeability configuration 
 



















VR for all the wind 
orientations increase 
steadily initially as 
PERM increases up 
to a level of around 
PERM = 0.011 and 
then plateaus off.  
5.12(b) This is due to stabilization of the 
boundary layer within the ground 
floor and mid-level void openings 
whereby further height increase in 
porosity does not provide much 







VR readings for all 
orientations are less 
than the readings for 




The reason is due to the presence 
of opposing wind flows coming 
out from the mid-level voids as 
shown in Figure A2-30(a), which 
affects the original streamline wind 
flows in the main canyons. These 
were compared to cases where 
there were no mid-level voids as 
shown in Figure A2-30(b). 
 
This type of opposing wind flow is 
not apparent at ground level voids 
as seen in the figure due to less 
turbulence and more stabilized 
flows at pedestrian level. 
 
Furthermore, those that are of 0˚ 
and 22.5˚ north wind orientations 
are more negatively affected due to 
them having less canyons parallel 












5.3.3.2.2.3 Slab Blocks, Mid-Level – Mid-Height Only Permeability 
 
In the mid-height only permeability configuration for slab blocks at mid-level, 
VR increases as PERM increases up to a certain level and then plateaus off for 
all the wind orientations (Figure 5.12(c)). The reason could be due to 
stabilization of the boundary layer within the mid-level openings whereby 
further height increase in porosity does not provide much improvement in VR 
values (Figure A2-31(a) and A2-31(b)). For mid-height only permeability, VR 
readings at mid-level are lesser than the readings for ground floor only 
permeability except 45˚ north wind orientation (Figure 5.12(a) and 5.12(b)). 
The presence of opposing wind from mid-level voids affects the original 
streamline wind flow similar for the above cases for ground floor and mid-
height permeability for point and slab blocks in Section 5.3.3.2.2.2. In general, 
VR readings at mid-levels for mid-height permeability only are higher than 
Wind 
Orient 





When compared to 
the readings for the 




levels are slightly 
higher than or close 
to pedestrian level for 




The reason for the lower readings 
at mid-level than pedestrian level 
for the same ground floor and mid-
level configuration (0˚ and 22.5˚ 
north wind) could be due to their 
lesser number of main canyons and 
also higher level of opposing flows 
that comes from the mid-level 
voids compared to other 
orientations with more canyons 
parallel or oblique to the wind 
direction (45˚, 67.5˚ and 90˚) 
which on the other hand, are not so 
much affected by these opposing 






But those from 0˚ and 
22.5˚ north wind 
orientations, VR 
readings are slightly 
lower at mid-level 
than pedestrian level 
for the same ground 




those at pedestrian level (Figure 5.11(c) and 5.12(c)). More detailed findings 
and explanation are shown in Table 5.37. 
 
Table 5.37: Parametric study findings and their explanations for slab blocks, mid-
level of PERM - mid-height only permeability configuration 
 
























The VR readings for 
mid-levels are 
generally higher than 




Due to stronger wind and 








VR for all the wind 
orientations at mid-
level increase initially 
as PERM increases 
and then more or less 
plateaus off. 
5.12(c) The initial increase is attributed 
to the increase in wind flow due 
to the height increase of the 
voids at mid-height levels, 
whereas the later stage is due to 
the stabilization of the boundary 
layer within the mid-level 
openings.  
 
In Figure A2-31(a) and A2-
31(b), we can see the 
stabilization of ventilation when 
mid-height only permeability 
increases from 2 floors high to 3 








VR readings for all 
orientations except 
45˚ north are less than 
the readings for 




The presence of opposing wind 
flow coming out from the mid-
level voids, affects the original 
streamline wind flow seen in 
cases if there were no mid-level 
voids. This type of opposing 
wind flow is not apparent at 
ground level voids due to less 
turbulence and more stabilized 








5.3.4 Geometry (GEO)  
 
Geometry variations in terms of building height (H) and width spacing (W) are 
being studied for both types of point and slab blocks for their effects in area-
averaged VR at the pedestrian and mid-levels. In the study here, the two types 
of variations include: 
• Varying the height (H) of all point blocks (from base case of 112m) 
and slab blocks (from base case of 50m). 








VR readings for all 
orientations except 
45˚ north are less than 
the readings for 




Winds from 45˚ north are less 
affected by this problem because 
of its opposing flows from both 
transverse directions in the main 
canyons tend to minimize the 
differences for mid-level VR 
readings between ground floor 
only permeability, and mid-
height only permeability 
configuration.   
 
Those opposing wind flows 
coming from within the mid-
level voids are highly 
neutralized by the oncoming 
opposing wind flow from the 
main canyons; hence the 
negative effects are not as 
apparent as other parallel or 
oblique wind orientations. 
 
Furthermore, 45˚ north winds 
have a more similar flow pattern 
throughout the different levels, 
which explains again why the 
differences in VR between a 
ground floor only permeability 
cases and mid-height only 
permeability cases do not 





Note: For geometric width variation (W) cases, the boundary of the constraint 
plane will follow the outline perimeter of the whole precinct that is only 
inclusive of all the buildings’ footprint and canyon areas combined within, 
instead of following the base case of 500m by 500m. The importance is to 
account for all buildings and canyons site coverage only regardless of their 
width variation.  
 
The morphological index that is used to quantify Geometry (GEO) is the 
Maximum Hydraulic Diameter (HDMax), which can be worked out using the 
following relation:  
HDMax = ∑ (Largest HD of Area i)*(% of Area i in Precinct)   (m) 
 
HD is the hydraulic diameter of the studied area HD = 2HW/ (H+W) found 
within the precinct, where H = average height (metres) of both the upwind and 
downwind buildings on both sides of an open space or canyon, W = horizontal 
distance (or canyon width) between the buildings (metres). The calculation of 
HD is performed along linear traverses across the precinct at different angles 
for each pair of adjacent elements in a building array, of which the largest HD 
value is selected. Further details of mapping out this index are explained in 
Section 3.2.1.3. 
 
The Geometry (GEO) values, derived from the HDMax, used in this parametric 
study are as shown in Table 5.38 and 5.39 for both the point and slab blocks 
study respectively. Variation cases that are highlighted in yellow are not 
included in the parametric study for mid-levels as the building heights used are 
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smaller than the mid-height values of 56m for point blocks and 25m for slab 
blocks.  
 
Please note that in this parametric study, due to the ordered arrangement of the 
blocks, there are no areas that are subjected to more than one HDMax. But in 
the study of some other morphological indices e.g. GBCR and STAG, there 
would be cases that warrant the same individual area within the precinct to 
have more than one HD.  
 




















5.3.4.1 Point Blocks 
 
5.3.4.1.1 Point Blocks, Pedestrian Level 
 
The overall results for area-averaged VR values within the estate for point 
blocks under the geometrical height variation (H) and geometrical width 
variation (W) GEO configurations are shown in Figure 5.13 for pedestrian 
level. The detailed diagrams and figures for explaining the findings are shown 







Figure 5.13: Pedestrian level area-averaged VR against GEO for (a) Geometrical 




5.3.4.1.1.1 Point Blocks, Pedestrian Level – Geometrical Height Variation 
(H) 
 
In the geometric height variation (H) configuration for point blocks at 
pedestrian level, VR readings for all wind orientations increase steadily as 
GEO increases (Figure 5.13(a)). But for winds from 45˚ north orientation, the 
gradient and magnitude of VR increase is not as high as the other wind 
orientations. Generally, the increase in VR at pedestrian level is due to the 
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increase in channeling effects accorded to a suitable canyon width (that is not 
too narrow) for the ranges of geometric height variation (H) increase here.   
 
Table 5.40: Parametric study findings and their explanations for point blocks, 
pedestrian level of GEO - geometric height variation (H) configuration 
 
GEO – Pedestrian Level, Point Blocks, Geometrical Height Variation (H) 
 
 
For orientations that are parallel or oblique to the wind direction, their higher 
magnitudes and gradient of increase are due to the higher degree of channeling 
effects (Figure A2-32(a), A2-32(b) and A2-32(c)). The lower gradient and 
magnitude of increase for 45˚ north wind, is due to the inflow from both 
directions of the transverse main canyons which provide opposing flows that 
slow down the overall outdoor wind relative to other orientations (Figure A2-
32(d), A2-32(e) and A2-32(f)). More detailed findings and explanation are 











VR readings for all 
wind orientations at 
pedestrian level 
increase steadily as 
GEO increases. 
5.13(a) The increase in VR is due to the 
increase in channeling effects 
accorded to a suitable canyon 
width (that is not too narrow) for 
the ranges of geometric height 
variation (H) increase here. 
 
For orientations that are parallel 
or oblique to the wind direction 
(0˚, 22.5˚, 67.5˚ and 90˚ north), 
their higher magnitudes and 
gradient of increase are due to 
the higher degree of channeling 
effects.  
 
For example, in Figure A2-
32(a), A2-32(b) and A2-32(c), 
we can see the increase in 
channeling phenomena for 0˚ 
north wind orientation when the 
height of the point blocks 
increases from 35m to 75m and 











5.3.4.1.1.2 Point Blocks, Pedestrian Level – Geometrical Width Variation (W) 
 
In the geometric width variation (W) configuration for point blocks at 
pedestrian level, VR readings for all wind orientations at pedestrian level 
increase steadily as GEO increases (Figure 5.13(b)). But subsequently, the VR 
values stop increasing and plateaus off. Winds from 45˚ north orientation 
Wind 
Orient 




But for wind 
orientation from 45˚ 
north, the gradient and 
magnitude of the 
increase in VR is not 
as high as the other 
wind orientations. 
5.13(a) The lower gradient and 
magnitude of increase is due to 
the inflow from both directions 
of the transverse main canyons 
which provide opposing flows 
that slow down the overall 
outdoor wind relative to other 
orientations. 
 
In  Figure A2-32(d), A2-32(e) 
and A2-32(f), we can see the 
increase in channeling 
phenomena for 45˚ north wind 
orientation when the height of 
the point blocks increases from 
35m to 75m and then to 185m, 
respectively. But the magnitude 
and gradient of increase is not as 
significant as the other 









VR readings for wind 
orientations 0˚, 22.5˚, 
67.5˚ and 90˚ north 
are closer to each 
other. 
5.13(a) For a point block precinct, it has 
more symmetrical dimensions 
(four equal sides) with similar 
number of urban canyons at both 
transverse orientations (0˚ and 
90˚ north). Wind flows for these 
four orientations have more 
channeling effects and are less 
opposing, unlike those from 45˚ 
north. 
 
The second possibility is that 
pedestrian level winds are much 
more laminar and less turbulent 
than higher levels; hence there 
are steadier and less differences 
in VR readings among these four 




follows an almost similar behavioral pattern as the rest of the other 
orientations except that their VR are the lowest among all the orientations by a 
constant magnitude. The initial VR increase is basically due to the increase in 
wind flow from the increase in canyons width (Figure A2-33(a), A2-33(b) and 
A2-33(c)). This applied to canyon widths that are perceived to be too narrow 
to allow free air flow into the precinct for even channeling effect to take place; 
hence an increase in canyon width leads to improved ventilation with higher 
mass flow rates. For 45˚ north wind orientation, the reason for their VR 
magnitude lesser than the rest by a constant margin is due to the inflow from 
both directions of the transverse main canyons which provides opposing flows 
that slows down the overall outdoor wind relative to other orientations which 
have a more straight-forward and unobstructed wind flow (Figure A2-33(d), 
A2-33(e) and A2-33(f)). The continual increase in GEO will reach a point 
when VR values for all wind orientations started to plateau from further GEO 
increase (increase in canyon width). The reason is that canyon width increase 
has reached a threshold value that further increase will not provide any further 
channeling effects nor increase in mass flow rate with their predominantly 
stabilized wind flow structures at upper levels (Figure A2-33(g), A2-33(h) and 











Table 5.41: Parametric study findings and their explanations for point blocks, 
pedestrian level of GEO - geometric width variation (W) configuration 
GEO – Pedestrian Level, Point Blocks, Geometrical Width Variation (W) 
Wind 
Orient 







VR readings for all 
the wind 
orientations 
increase steadily as 
GEO increases 
from GEO = 20.70 
(112m high, 5m 
width) to 80.08 
(112m high, 25m 
width).  Thereafter, 
the readings start to 
plateau and stop 
increasing. 
 
5.13(b) The initial VR increase is basically 
due to the increase in wind flow 
from the increase in canyons width. 
It is different from the channeling 
effects as mentioned in the 
geometric height variation (H) 
configuration. 
 
For example, in Figure A2-33(a), 
A2-33(b) and A2-33(c), we can see 
the increase in mass flow rate for 0˚ 
north wind orientation when the 
width between the point blocks 
increases from 5m to 10m and then 
to 25m, respectively.  
 
In the geometric width variation 
(W) configuration, the canyon width 
in the range from GEO = 20.70 
(112m high, 5m width) to 80.08 
(112m high, 25m width) is 
perceived to be too narrow to allow 
air to move in freely within the 
precinct, not to mention being able 
to benefit from any channeling 
effects; hence with an increase in 
canyon width, ventilation improves 








orientation of 45˚ 
north, it somehow 
follows the same 
behavioral pattern 
as the rest of the 
other wind 
orientations at 0˚, 
22.5˚, 67.5˚ and 
90˚ north except 
that the VR values 
are lower than the 
rest by a constant 
magnitude.  
 
5.13(b) For 45˚ north wind orientation, the 
increase in VR also applies to the 
increase in canyon width in the 
range from GEO = 20.70 (112m 
high, 5m width) to 80.08 (112m 
high, 25m width). 
 
For example, in  Figure A2-33(d), 
A2-33(e) and A2-33(f), we can see 
the increase in mass flow rate for 
45˚ north wind orientation when the 
width between the point blocks 
increases from 5m to 10m and then 
to 25m, respectively. But compared 
to the other wind orientations, the 
absolute magnitude is lesser by a 
constant margin of about 0.04. This 
is due to the inflow from both 
directions of the transverse main 
canyons which provides opposing 
flows that slows down the overall 
outdoor wind relative to other 
orientations which have a more 
straight-forward and unobstructed 












5.3.4.1.1.3 Point Blocks, Pedestrian Level – Combined Results of Geometric 
Height (H) and Width (W) Variation 
Wind 
Orient 







In the range of 
GEO from GEO = 
80.08 (112m high, 
25m width) 
onwards, the VR 
values for all wind 
orientations started 
to plateau and 
readings do not 
differ much from 
any further GEO 
increment (width 
increase). 
5.13(b) Figure A2-33(g) and A2-33(h) show 
the difference in flow patterns 
between GEO = 90.74 (112m 
height, 30m width) and GEO = 
108.66 (112m height, 40m width) 
respectively, for 0° north wind 
orientation. 
 
The canyon width has reached a 
threshold value whereby any further 
increase will not provide any 
channeling effects nor significant 
increase in mass flow rate with their 
predominantly near wake-
interference or isolated roughness 




Figure A2-33(i) shows quite similar 
flow pattern structures throughout 
the building heights for GEO = 
90.74 (112m height, 30m width) 
and GEO = 108.66 (112m height, 
40m width) for 0° north wind 
orientation, where wind vortices are 
not so much ‘cramped’ by the 
narrowness of the canyons. There 
will be no further significant 
changes in the vortex structures 
with canyon width increase when 









observation is that 
wind orientations 
for 0˚, 22.5˚, 67.5˚ 
and 90˚ north are 
closer to each 
other. 
5.13(b) For a point block precinct, it has 
more symmetrical dimensions (four 
equal sides) with similar number of 
urban canyons at both transverse 
orientations (0˚ and 90˚ north). 
Wind flows for these four 
orientations have more channeling 
effects and are less opposing, unlike 
those from 45˚ north. 
 
The second possibility is that 
pedestrian level winds are much 
more laminar and less turbulent than 
higher levels; hence there are 
steadier and less differences in VR 





Table 5.42 shows the combined configurations for both geometric height (H) 
and width (W) variation at pedestrian level. Figure 5.14 shows the combined 
results of GEO variations for both. 
 
Table 5.42: Pedestrian level GEO values for geometrical height variation (H) and 




Figure 5.14: Pedestrian level area-averaged VR against GEO for combined 
geometrical height variation (H) and geometrical width variation (W) configurations 




We can see that the overall VR results show an increasing trend with 
increasing GEO variation.  
 
5.3.4.1.2 Point Blocks, Mid-Level 
The overall results for area-averaged VR values within the estate for point 
blocks under the geometrical height variation (H) and geometrical width 
variation (W) GEO configurations are shown in Figure 5.15 for mid-level. The 
detailed diagrams and figures for explaining the findings are shown in 





Figure 5.15: Mid-level area-averaged VR against GEO for (a) Geometrical height 
variation (H) and (b) Geometrical width variation (W) configurations of point blocks 
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5.3.4.1.2.1 Point Blocks, Mid-Level – Geometrical Height Variation (H) 
 
In the geometric height variation (H) configuration for point blocks at mid-
level, VR increases steadily as GEO increases for all the wind orientations 
(Figure 5.15(a)). The reason for the increase in VR is the same as for 
pedestrian level in Section 5.3.4.1.1.1.  
 
For mid-level readings, VR for canyons that are parallel to the wind directions 
(e.g. 0˚ and 90˚ north) are higher than that of pedestrian level (Figure 5.13(a) 
and 5.15(a)). This is due to the power-law wind profile which comes in 
parallel to the main canyons and this allows the highest degree of channeling 
with wind being the stronger at higher levels (Figure A2-34(a) and A2-34(b)). 
For canyons that are oblique to the wind direction, they tend to be more ‘bent’ 
and channeling effect is relatively not as strong as parallel orientations. This 
tends to cause more disturbances throughout the different levels whereby the 
upper levels with higher turbulence will be more disturbed; hence their 
supposed higher wind speed becomes more disrupted and reduced than wind 
at pedestrian level (Figure A2-34(c)).  
 
For wind orientation of 45˚ north, the lower gradient and magnitude of 
increase is due to the inflow from both directions of the transverse main 
canyons which provide opposing flows that slow down the overall outdoor 
wind relative to other orientations which are either parallel or oblique to the 





Table 5.43: Parametric study findings and their explanations for point blocks, mid-
level of GEO - geometric height variation (H) configuration 
 






















VR readings for all 
wind orientations at 
mid-level increase 
steadily as GEO 
increases. 
 
5.15(a) The increase in VR is due to the 
increase in channeling effects 
accorded to a suitable canyon 
width (that is not too narrow) for 
the ranges of geometric height 




For wind orientations 
from 0˚ and 90˚ north, 
the mid-level VR 
readings are higher 
than those at the 
pedestrian level.  
5.13(a) 
5.15(a) 
For 0˚ and 90˚ north wind 
orientation, the power-law wind 
profile comes in parallel to the 
main canyons and this allows the 
highest degree of channeling 
effects with wind being stronger 
at higher levels. 
 
The magnitude of this channeling 
effect is most prominent in 0˚ and 
90˚ north wind orientations, 
followed by 22.5˚ and 67.5˚ north 
orientations. 
 
Figure A2-34(a) shows the 
velocity vectors of the wind flow 
for GEO = 63.71 (75m height, 
20m width) and Figure A2-34(b) 
shows the velocity vectors for 
GEO= 104.72 (165m height, 20m 
width), both for 0˚ north wind 
orientation at mid-level.  We can 
see the increase in wind flow with 
increase in GEO from the former 











 5.3.4.1.2.2 Point Blocks, Mid-Level – Geometrical Width Variation (W) 
 
In the geometric width variation (W) configuration for point blocks at mid-
level, VR readings for all wind orientations at mid-level increase steadily as 
GEO increases (Figure 5.15(b)). But subsequently, the VR values stop 
Wind 
Orient 





For the other wind 
orientations like 22.5˚ 
and 67.5˚ north, VR 
readings for mid-
levels are slightly 
lower than those at the 
pedestrian levels.  
5.13(a) 
5.15(a) 
On the other hand, for winds from 
22.5˚ and 67.5˚ north, they are 
more ‘bent’ and channeling effect 
is not as strong as the parallel 
orientations relatively. This may 
cause more turbulence throughout 
the different levels whereby the 
upper levels with higher 
turbulence will be more 
disturbed; hence their supposed 
higher wind speed becomes more 
disrupted and reduced than wind 
at pedestrian level. 
 
For pedestrian levels, the wind 
flow is much more laminar and 
less turbulent than higher levels; 
hence wind flows from 22.5˚ and 
67.5˚ north are steadier and do not 
differ much from those at 0˚ and 
90˚ north orientations. 
 
From the section view in Figure 
A2-34(c), we can see that for 
winds from 22.5˚ north, wind 
flow structure throughout the 
different heights are quite similar, 
unlike the 0˚ north wind from  
Figure A2-34(a) and A2-34(b) 
which exhibit a stronger wind 






Winds from 45˚ as 
usual are the lowest 
among all the 
orientations at mid-
level. 
The lower gradient and 
magnitude of increase is due to 
the inflow from both directions of 
the transverse main canyons 
which provides opposing flows 
that slows down the overall 
outdoor wind relative to other 
orientations which are either 





increasing and become erratic for mid-level. The initial VR increase is 
basically due to the increase in wind flow from the increase in canyon width 
(Figure A2-35(a) and A2-35(b)). This applied to canyon widths that are 
perceived to be too narrow to allow free air flow into the precinct for even 
channeling effect to take place; hence an increase in canyon width leads to 
improved ventilation with higher mass flow rates. For 45˚ north wind 
orientation, the VR magnitude is lesser than the rest by a constant margin and 
the reasons are the same as for pedestrian level in Section 5.3.4.1.1.2 (Figure 
A2-35(c) and A2-35(d)). The reason for the erratic VR readings at the later part 
of GEO increase is due to that canyon width increase has reached a threshold 
value that further increase will not provide any increase in mass flow rate with 
their predominantly stabilized wind flow structures at upper levels (Figure A2-
35(e) and A2-35(f)). For mid-level readings, VR values for canyons that are 
parallel to the wind directions are higher than that of pedestrian level and 
canyons that are oblique to wind direction are lower than of pedestrian level. 
The reasons are also similar to geometrical height variation (H) configuration 
for slab blocks at mid-level in Section 5.3.4.1.2.1. More detailed findings and 
















Table 5.44: Parametric study findings and their explanations for point blocks, mid-
level of GEO - geometric width variation (W) configuration 
 































VR for all wind 
orientations at mid-
level increase steadily 
as GEO increases from 
GEO = 20.70 (112m 
high, 5m width) to 
80.08 (112m high, 
25m width). 
Thereafter, the 
readings start to 
become erratic and 
some shows signs of 
increase and decrease. 
 
5.15(b) The initial VR increase in this case 
is basically due to the increase in 
wind flow from the increase of 
canyons width.  
 
For example in Figure A2-35(a) 
and A2-35(b), we can see the 
increase in wind flow at mid-level 
from GEO = 20.70 (112m height, 
5m width) to GEO = 54.32 (112m 
height, 15m width).  It is different 
from the channeling effects as 
mentioned in the geometric height 
variation (H) configuration. 
 
In the geometric width variation 
(W) configuration, the canyon 
width in the range from GEO = 
20.70 (112m high, 5m width) to 
80.08 (112m high, 25m width) is 
perceived to be too narrow to 
allow air to move in freely within 
the precinct, not to mention being 
able to benefit from any 
channeling effects; hence with an 
increase in canyon width, 
ventilation improves with higher 






(Continued from Table 5.44) 
Wind 
Orient 




Winds from 45˚ north 
as usual are the lowest 
among all the 




5.15(b) For 45˚ north wind orientation, 
the increase in VR also applies to 
the increase in canyon width in 
the range from GEO = 20.70 
(112m high, 5m width) to 80.08 
(112m high, 25m width). But 
compared to the other wind 
orientations, the absolute 
magnitude is lesser by a constant 
margin of about 0.04. 
 
This is due to the inflow from 
both directions of the transverse 
main canyons which provides 
opposing flows that slows down 
the overall outdoor wind relative 
to other orientations which have a 
more straight-forward and 
unobstructed wind flow, in 
addition to some channeling 
effects. 
 
For example, Figure A2-35(c) and 
A2-35(d) shows the configuration 
GEO = 20.70 (112m height, 5m 
width) and GEO = 54.32 (112m 
height, 15m width) respectively 
for 45˚ north wind orientation. 
We can see an increase in wind 
flow when GEO increase from 
20.70 to 54.32, but this increase is 
not as high compared to winds 






When GEO increases 
until 80.08 (112m 
high, 25m width), 
further increase (width 
increase) showed some 
signs of VR increasing 
and then decreasing 
for wind orientations 
0˚ and 90˚ north cases.  
5.15(b) Figure A2-35(e) and A2-35(f) 
show the difference in flow 
patterns between GEO = 90.74 
(112m height, 30m width) and 
GEO = 108.66 (112m height, 40m 
width) for 0˚ north wind 
orientation. 
 
The canyon width has reached a 
threshold value whereby any 
further increase will not provide 
any channeling effects nor 
significant increase in mass flow 
rate with their predominantly near 
wake-interference or isolated 
roughness wind flow at the upper 
levels.  
 
Furthermore, the presence of the 
existing buildings might also 
provide additional roughness; 









Whereas for the other 
orientations, there are 








5.3.4.1.2.3 Point Blocks, Mid-Level – Combined Results of Geometric 
Height (H) and Width (W) Variation 
 
Table 5.45 shows the combined configurations for both geometric height (H) 
and width (W) variation at mid-level. Figure 5.16 shows the combined results 













For wind orientations 
from 0˚ and 90˚ north, 
the mid-level VR 
readings are higher 




For 0˚ and 90˚ north wind 
orientation, the power-law wind 
profile comes in parallel to the 
main canyons and this allows the 
highest degree of channeling 
effects with wind being stronger 




On the other hand, for 
winds from 22.5˚ and 
67.5˚ north, they are 
more ‘bent’ and 
channeling effect is 
not as strong as the 
parallel orientations. 
 
VR readings for mid-
level are slightly lower 
than those at the 
pedestrian level.  
This may cause more turbulence 
throughout the different levels 
whereby the upper levels with 
higher turbulence will be more 
disturbed; hence their supposed 
higher wind speed becomes more 
disrupted and reduced than wind 
at pedestrian level.  
 
For pedestrian levels, the wind 
flow is much more laminar and 
less turbulent than higher levels; 
hence wind flows are steadier and 
do not differ much from those at 
0˚ and 90˚ north orientation. All 
these are similar to the case for 
height variation (H) configuration 





Table 5.45: Mid-level GEO values for geometrical height variation (H) and 






Figure 5.16: Mid-level area-averaged VR against GEO for combined geometrical 




We can see that the overall VR results show an increasing trend with 





5.3.4.2 Slab Blocks 
 
5.3.4.2.1 Slab Blocks, Pedestrian Level 
 
The overall results for area-averaged VR values within the estate for slab 
blocks under the geometrical height variation (H) and geometrical width 
variation (W) GEO configurations are shown in Figure 5.17 for pedestrian 
level. The detailed diagrams and figures for explaining the findings are shown 






Figure 5.17: Pedestrian level area-averaged VR against GEO for (a) Geometrical 




5.3.4.2.1.1 Slab Blocks, Pedestrian Level – Geometrical Height Variation (H) 
 
In the geometric height variation (H) configuration for slab blocks at 
pedestrian level, VR readings for all wind orientations increase steadily as 
GEO increases (Figure 5.17(a)). This VR increase for all wind orientations is 
due to the increase in channeling effects accorded to a suitable canyon width 
(that is not too narrow) for the ranges of geometric height variation (H) 
increase here (Figure A2-36(a) and A2-36(b)). The gradient of VR increase 
gets progressively larger from 0˚ to 90˚ north wind orientation. The larger the 
number of canyons parallel or oblique (e.g. 67.5˚ and 90˚ north) to the wind 
direction (lesser blockage), the higher is the gradient of VR increase as GEO 
increases (Figure A2-36(c) and A2-36(d)). When there is higher number of 
blockages (e.g. 0˚ north wind orientation), the amount of wind entering a 
precinct will be very much reduced; hence VR will still increase with an 
increase in GEO, but will be at a relatively slower rate compared to other 
orientations with more canyons parallel or oblique to the wind. More detailed 











Table 5.46: Parametric study findings and their explanations for slab blocks, 
pedestrian level of GEO - geometric height variation (H) configuration 
 





















VR readings for all 
wind orientations at 
pedestrian level 
increase gradually as 
GEO increases. 
 
5.17(a) The increase in VR is due to the 
increase in channeling effects 
accorded to a suitable canyon 
width (that is not too narrow) 
for the ranges of geometric 
height variation (H) increase 
here.  
 
For example, in Figure A2-
36(a) of configuration of GEO 
= 31.68 (30m height, 20m 
width) and Figure A2-36(b) of 
GEO = 52.72 (70m height, 20m 
width) as shown, we can see the 
increase in channeling 
phenomena for a 67.5˚ north 
wind orientation case when the 
height of all point blocks 









The gradient of VR 
increase gets 
progressively larger 
from 0˚ to 90˚ north 
wind orientation. 
5.17(a) As usual, due to the larger 
number of canyons parallel or 
oblique to 90˚ north orientation, 
magnitude of VR increases 
progressively from 0˚ to 90˚ 
north. 
 
Next, the VR gradient increase 
from 0˚ to 90˚ is due to the 
progressive reduction in wall 
blockages. When there is higher 
number of blockages (e.g. 0˚ 
north orientation), the amount 
of wind entering a precinct will 
be very much reduced; hence 
VR will still increase with an 
increase in GEO, but will be 
relatively slower compared to 
other orientations with more 









5.3.4.2.1.2 Slab Blocks, Pedestrian Level – Geometrical Width Variation (W) 
 
In the geometric width variation (W) configuration for slab blocks at 
pedestrian level, VR readings for all wind orientations at pedestrian do not 
follow the same pattern with GEO increase (Figure 5.17(b)). Their magnitudes 
and gradient of VR increase against GEO depends on the number of canyons 
parallel or oblique to the wind direction which translated to the degree of 
channeling effects in play. The higher number of canyons also translates into 
less massive wall areas that cause wind blockages to ambient winds. All these 
will affect the gradient and magnitude of the VR with progressive GEO 
increase (Figure A2-37(a), A2-37(b), A2-37(c), A2-37(d), A2-37(e), A2-37(f) 













Next, the magnitude 
of VR increases 
progressively from 0˚ 
to 90˚ wind 
orientations. 
5.17(a) The increase in VR magnitude 
is due to the progressively 
higher degree of channeling 
effects when we move from 0˚ 
(lesser number of canyons 
oblique or parallel to it) to 90˚ 
north wind orientation (larger 
number of canyons oblique or 
parallel to it). 
 
Figure A2-36(c) and A2-36(d) 
show the same height variation 
(H) configuration GEO = 48.18 
(60m height, 20m width) for 0˚ 
and 90˚ wind orientation 
respectively, whereby the later 







Table 5.47: Parametric study findings and their explanations for slab blocks, 
pedestrian level of GEO - geometric width variation (W) configuration 
 














VR for all wind 
orientations do not 
follow the same 
pattern with GEO 
increase. 
5.17(b) See below.   
0˚ 
 
VR readings have a 
slight decreasing trend 
throughout the range 
of GEO increase.  
5.17(b) The almost constant low VR 
readings for 0˚ north orientation 
could be due its highest level of 
blockage from the massive walls 
facing the wind from this 
direction. Since it has only three 
canyons parallel to the wind, 
channeling effects do not play a 
significant role in the variation 
of VR values. 
 
For example, Figure A2-37(a) 
shows GEO = 21.09 (50m 
height, 10m width) and Figure 
A2-37(b) shows GEO = 46.42 
(50m height, 30m width), both 
for 0˚ north orientation.  The 
increase in width (increase in 
GEO) did not help to increase 
the value of VR. 
 
In an enlarged diagram of GEO 
= 46.42 (50m height, 30m width) 
in Figure A2-37(c), we can see 
that the main vortex at upper 
levels (driven by the ambient 
wind flow) that mainly drives 
precinct ventilation, did not 
really benefit the pedestrian 
level. In many cases, counter-
rotating vortices and diffused 
wind flow can be experienced at 
the bottom levels of the UCL. 
This is the reason why even with 
an increase in canyon width 
(increase in GEO) the VR values 
























Whereas for both 
22.5˚ and 45˚ north 
orientations, there are 
signs of increasing VR 
values that comes 
from the increase in 
GEO. 
 
5.17(b) The increasing VR readings for 
22.5˚ and 45˚ north orientations 
are due to higher mass flow rate 
that comes from the increase in 
canyon width.  
 
In the range of GEO increase 
from 11.60 (50m high, 5m 
width) to 54.54 (50m high, 40m 
width), the canyon width is 
perceived to be too narrow or 
obstructed to allow air to move 
in freely and producing any 
channeling effects. Unlike the 
point blocks, there is no 
threshold GEO value whereby 
VR readings started to plateau or 
become erratic due to 
stabilization of vortex structures 
or increase in ground roughness.  
The reason is that for 22.5˚ and 
45˚ north orientations, the 
massive wall surfaces that are 
facing 0˚ north still exert a 
strong negative influence over a 
wide range of GEO values which 
override the above-mentioned 
influences; hence any increase in 
canyon width continues to have 
a positive effect to the precinct’s 
overall ventilation.   
 
Figure A2-37(d) shows the wind 
flow for GEO = 21.09 (50m 
height, 10m width) and Figure 
A2-37(e) shows GEO = 46.42 
(50m height, 30m width), both 
for 22.5˚ north winds. We can 
see the increased in wind flow 
from GEO = 46.42 compared to 










5.3.4.2.1.3 Slab Blocks, Pedestrian Level – Combined Results of Geometric 
Height (H) and Width (W) Variation 
 
Table 5.48 shows the combined configurations for both geometric height (H) 
and width (W) variation at pedestrian level. Figure 5.18 shows the combined 
results of GEO variations for both.  
Wind 
Orient 




VR readings for 67.5˚ 
and 90˚ north 
orientations are quite 
constant throughout 
the range of GEO 
increase.  
5.17(b) It is possible that the canyon 
width has reached the threshold 
value early and any further 
increase will not provide any 
increase in VR from the increase 
in mass flow rate. 
 
For example, Figure A2-37(f) 
and A2-37(g) shows the 
difference in flow patterns 
between GEO = 28.97 (50m 
height, 15m width) and GEO = 
46.42 (50m height, 30m width), 
respectively for 90˚ north wind 
orientation. 
 
In  Figure A2-37(f), the 
configuration of GEO = 28.97 
has 15m wide canyons and the 
velocity vectors seem to be more 
concentrated within the canyon 
indicating that some channeling 
effects may come into play. But 
in  Figure A2-37(g), the 
configuration of GEO = 46.42 
has 30m wide canyons and the 
velocity vectors seem to be quite 
diffused at the pedestrian level 
indicating that even thou mass 
flow rate may increase with 
wider canyons, it seems that 
some potential channeling 
effects have lost as GEO 
progressively increases. The 
increased in mass flow rate 
coupled with a corresponding 
decrease in potential channeling 
effects caused VR to remain 






Table 5.48: Pedestrian level GEO values for geometrical height variation (H) and 







Figure 5.18: Pedestrian level area-averaged VR against GEO for combined 
geometrical height variation (H) and geometrical width variation (W) configurations 
of slab blocks 
 
We can see that the overall VR results show an increasing trend with 





5.3.4.2.2 Slab Blocks, Mid-Level 
 
The overall results for area-averaged VR values within the estate for slab 
blocks under the geometrical height variation (H) and geometrical width 
variation (W) GEO configurations are shown in Figure 5.19 for mid-level. The 







Figure 5.19: Mid-level area-averaged VR against GEO for (a) Geometrical height 





5.3.4.2.2.1 Slab Blocks, Mid-Level – Geometrical Height Variation (H) 
 
In the geometric height variation (H) configuration for slab blocks at mid-level, 
VR readings for all wind orientations increase steadily as GEO increases 
(Figure 5.19(a)). The reason for the increase is similar to the case for 
pedestrian level at Section 5.3.4.2.1.1. The gradient of VR increase gets 
progressively larger from 0˚ to 90˚ north wind orientation. The larger the 
number of canyons parallel or oblique to the wind direction (lesser blockage), 
the higher is the gradient of VR increase as GEO increase (Figure A2-38(a), 
A2-38(b), A2-38(c) and A2-38(d)). For cases with more canyons parallel or 
oblique to the wind direction, the VR readings are higher than those at the 
pedestrian levels (e.g. 67.5˚ and 90˚ north) (Figure A2-38(e) and A2-38(f)). 
For the other orientations, the VR readings for mid-levels are close but slightly 
higher than those at the pedestrian levels. The reason for this is due to the 
progressive reduction in wall blockages when we move from 0˚ (least number 
of canyons parallel to wind direction) to 90˚ (most canyons of canyons parallel 
to wind direction) north wind orientation cases. More detailed findings and 
explanation are shown in Table 5.49. 
 
Table 5.49: Parametric study findings and their explanations for slab blocks, mid-
level of GEO - geometric height variation (H) configuration 
 











VR for all wind 
orientations at mid-
level increase steadily 
as GEO increases 
from GEO = 31.68 
(30m high, 20m 
width) to 60.96 (90m 
high, 20m width). 
5.19(a) The increase in VR is due to the 
increase in channeling effects 
accorded to a suitable canyon 
width (that is not too narrow) for 
the ranges of geometric height 

























The gradient of 
increase becomes 
steeper when we 
progress from 0˚ to 
90˚ north wind 
orientation. 
5.19(a) Orientations which have more 
canyons parallel or oblique to the 
wind orientation will have steeper 
gradient of VR increase as GEO 
increases.  
 
For example in 67.5˚ wind 
orientation cases,  Figure A2-
38(a) shows the velocity vectors 
of the wind flow for GEO = 31.68 
(30m height, 20m width) and  
Figure A2-38(b) shows the 
velocity vectors for GEO = 52.72 
(70m height, 20m width). We can 
see a significant increase in wind 
flow with increase in GEO from 
the former to the later, due to the 
larger number of canyons facing 
the wind. 
 
For the same configuration of 
GEO = 31.68 (30m height, 20m 
width) (Figure A2-38(c)) and 
GEO= 52.72 (70m height, 20m 
width) (Figure A2-38(d)) for 0˚ 
north orientation, we can see that 
the magnitude of VR increase 
from GEO = 31.68 to 52.72 is not 
as significant as 67.5˚ north wind 
orientation cases. This is due to 
the lesser number of canyons 
facing the wind orientation and 













5.3.4.2.2.2 Slab Blocks, Mid-Level – Geometrical Width Variation (W) 
 
In the geometric width variation (W) configuration for slab blocks at mid-level, 
VR readings for all wind orientations increase steadily as GEO increases 
(Figure 5.19(b)). This increase is due to the increase in mass flow rate from 
the increase in canyon width.  The rest of the VR behavioral patterns and the 
reasons behind are similar to that of geometric height variation (H) 
configuration for slab blocks in Section 5.3.4.2.2.1. More detailed findings and 








For wind orientations 
67.5˚ and 90˚ north 
(orientations that have 
more canyons facing 
the wind direction), 
the VR readings are 
higher than those at 
the pedestrian levels. 
5.17(a) 
5.19(a) 
In Figure A2-38(e) and A2-38(f) 
for a configuration GEO = 48.18 
(60m height, 20m width) for wind 
from 0˚ north and 90˚ 
respectively, we can see that for 
the 90˚ orientation case, the mid-
level winds are much higher than 
pedestrian level winds whereas 
for 0˚ orientation, the increase is 
not so significant.  
 
The power-law wind profile that 
comes in parallel to the main 
canyons allows the highest degree 
of channeling with wind being the 








For the other 
orientations like 0˚, 
22.5˚ and 45˚ north, 
the VR readings for 
mid-levels are close 
but slightly higher 
than those at the 
pedestrian levels. 
This is due to the higher degree of 
blockages from the massive wall 
facing the 0˚ north orientation and 
lesser number of canyons parallel 
or oblique to the wind direction 
that hamper positive wind flow 







As expected, VR 
magnitude increases 
progressively from 0˚ 
to 90˚. 
 
5.19(a) High values of VR at mid-levels 
are related to the most number of 




Table 5.50: Parametric study findings and their explanations for slab blocks, mid-
level of GEO - geometric width variation (W) configuration 
 
GEO – Mid-Level, Slab Blocks, Geometrical Width Variation (W) 
 
 
5.3.4.2.2.3 Slab Blocks, Mid-Level – Combined Results of Geometric Height 
(H) and Width (W) Variation 
 
Table 5.51 shows the combined configurations for both geometric height (H) 
and width (W) variation at mid-level. Figure 5.20 shows the combined results 











VR for all wind 
orientations at mid-
level increase steadily 
as GEO increases from 
GEO = 11.60 (50m 
high, 5m width) to 
54.54 (50m high, 40m 
width). 
5.19(b) The VR increase in this case is 
basically due to the increase in 
mass flow rate of wind from the 








The gradient of 
increase becomes 
steeper when we 
progress from 0˚ to 90˚ 
north.  
5.19(b) Orientations which have more 
canyons parallel or oblique 
towards the wind orientation will 
have steeper gradient of VR 




For wind orientations 
67.5˚ and 90˚ north, the 
VR readings are higher 




This is due to the higher number 
of canyons parallel or oblique 
towards the wind orientation.  
 
The power-law wind profile 
comes in parallel to the main 
canyons and this allows the 
highest degree of channeling 







For the other 
orientations like 0˚, 
22.5˚ and 45˚ north, the 
VR readings for mid-
levels are close but 
slightly higher than 
those at the pedestrian 
levels. 
The higher degree of blockages 
from the massive wall facing the 
0˚ north orientation and lesser 
number of canyons parallel or 
oblique to the wind direction, are 
the causes that hamper positive 







As expected, VR 
magnitude increases 
progressively from 0˚ 
to 90˚. 
5.19(b) High values of VR at mid-levels 
are related to the most number of 





Table 5.51: Mid-level GEO values for geometrical height variation (H) and 







Figure 5.20: Mid-level area-averaged VR against GEO for combined geometrical 




We can see that the overall VR results show an increasing trend with 





5.3.5 Staggering of Blocks Arrangement (STAG) 
 
The revised index proposed by the author to quantify Staggering of Blocks 
Arrangement (STAG) is called the Frontal Area Ratio Index (Afront). It is 
expressed as follows: ( )[ ] reaTOTALwallaafrontalareinifront AAA /,1=∑=  
(dimensionless). Frontal Area Ratio Index (Afront) is defined as the 
summation of all buildings’ frontal areas that face the wind direction normally, 
over the total vertical wall area of all buildings within the given site or 
precinct area. Ai,frontal area is the frontal area (metre square) of each building i 
that faces the wind direction normally, and ATOTALwallarea is the total wall area 
(metre square) of all the buildings within the given site area. For the study 
here, the Staggering of Blocks Arrangement (STAG) values and combinations 
used in this parametric study are as shown in Table 5.52 and 5.53 for both the 
point and slab blocks respectively.  
 
In the description column of the tables, the meanings are as follows: 
‘Block type – wind orientation – Stagger – distance shifted horizontally from 




















Figure 5.21 shows an example of a point block case with a stagger 
configuration of ‘Point Blocks – 0 North – Stagger – 5m’. Figure 5.22 is 
another example ‘Slab Blocks – 0 North – Stagger – 5m’ of the same amount 
of stagger for slab blocks. All the blocks behind their front row are shifted a 
distance of 5m to the right and this is followed up by subsequent consecutive 
rows. Do take note that these configurations are also used for other wind 





Figure 5.21: Staggering arrangement example for point blocks for stagger 


















Figure 5.22: Staggering arrangement example for slab blocks for stagger 
configuration of 'Slab Blocks - 0 North (can be for other orientations) - Stagger - 5m' 
 
 
All the models of the different Staggering of Blocks Arrangement (STAG) 
configurations used in this study are as shown in the following diagrams 
Figure 5.23 for point blocks and Figure 5.24 for slab blocks.  
 
Note: For staggering of blocks configuration cases, the boundary of the 
constraint plane will follow the outline perimeter of the whole precinct that is 
only inclusive of all the buildings’ footprint and canyon areas combined within, 

























     
(a) 5m to the right    (b) 10m to the right  
 
   
(c) 15m to the right    (d) 20m to the right 
 
  








Figure 5.23: Different degree of staggering arrangements to the right of all subsequent 




    




(c) 15m to the right    (d) 20m to the right 
 
 












Figure 5.24: Different degree of staggering arrangements to the right of all subsequent 
rows consecutively for slab blocks
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5.3.5.1 Point Blocks  
 
5.3.5.1.1 Point Blocks – Pedestrian Level 
 
The overall results for area-averaged VR values within the estate for point 
blocks under the Staggering of Blocks Arrangement (STAG) configuration are 
shown in Figure 5.25 for pedestrian level. The detailed diagrams and figures 




Figure 5.25: Pedestrian level area-averaged VR against stagger (in metres) for 
staggering of blocks arrangement configuration of point blocks 
 
 
In the STAG configuration for point blocks at pedestrian level, VR readings 
for all wind orientations decrease as STAG increases (Figure 5.25). The 
gradient of decrease is the highest when there is least number of unobstructed 
canyons parallel or oblique to the wind flow direction. The gradient of 
decrease is highest for 0˚ north wind orientation followed by 22.5˚, 45˚ and 
finally 67.5˚ and 90˚ north orientations. The general decrease in VR for 0˚ and 
22.5˚ north wind orientation is mainly due to the progressive increase in 
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blockages created by shifting the consecutive rows horizontally towards the 
right; hence canyons which are facing more towards the 0˚ north wind 
direction will have their wind paths progressively blocked - experiencing a 
steeper gradient of decrease in VR (Figure A2-39(a) and A2-39(b)). For winds 
coming from 45˚ north orientation, gradient of decrease for VR is not as steep 
as the cases for 0˚ and 22.5˚ north orientation. This reason is at this orientation, 
the wind that flows into the canyon moves around symmetrically over each 
block; hence is relatively less affected by the canyon blockages as mentioned 
earlier. The decreasing trend for 45˚ north orientation cases is more likely due 
to the decrease in channeling effects from those canyons parallel to the 90˚ 
north wind direction whereby is likened to ‘loss of parallel canyon walls on 
both sides’ due to the staggering arrangement (Figure A2-39(c), A2-39(d) and 
A2-39(e)). For 67.5˚ and 90˚ north wind orientation which has the least steep 
gradient of decrease, it is because most of the canyons that are facing 90˚ 
north direction are unobstructed and these two wind orientations are not so 
affected by the horizontal shift of the staggered buildings arrangement. But 
nevertheless, they are also being affected by the lost of channeling effect 
progressively with the increase in horizontal shift of the buildings towards the 
right by the progressive lost of parallel facing walls on both sides of the 
canyons toward the 90˚ north direction (Figure A2-39(f) and A2-39(g)). More 










Table 5.54: Parametric study findings and their explanations for point blocks, 
pedestrian level of STAG - staggering configuration 
 












VR for all the wind 
orientations at 
pedestrian level 
decrease as staggering 
increases.  
 
The gradient of 
decrease is the highest 
for 0˚ north wind 
orientation followed 
by 22.5˚, 45˚, 90˚ and 
finally 67.5˚ north 
orientations. 




VR decreases as 
staggering increases.  
 
5.25 General decrease in VR for 
orientations like 0˚ and 22.5˚ 
north is mainly due to the 
progressive increase in 
blockages created by shifting the 
consecutive rows horizontally 
towards the right. Hence, 
canyons which are facing more 
towards the 0˚north wind 
direction will have their wind 
paths progressively blocked; 
therefore experiencing a steeper 
gradient of decrease in VR. 
 
For example, for a blocks 
staggering configuration of 5m 
shift (of all point blocks) to the 
right with wind coming from the 
0˚ north orientation, the wind 
paths are still considered quite 
unobstructed and wind is still 
able to move smoothly through 
the main canyons (Figure A2-
39(a)).  
 
On the other hand in Figure A2-
39(b), it shows a blocks 
staggering configuration of 20m 
shift (of all point blocks) to the 
right with wind coming from 0˚ 
north orientation. We can see 
that wind flow at the further end 
of the precinct (away from the 
wind) is significantly much 
lower than the frontal part due to 
the heavy blockages from first 















For winds coming 
from the 45˚ north 
orientation, the 
gradient of decrease 
for VR is not as steep 
as the cases for 0˚ and 
22.5˚ north 
orientation. 
5.25 At this orientation, the wind 
flows into the canyon moves 
around symmetrically over each 
block; hence is relatively less 
affected by the canyon 
blockages as mentioned earlier.  
 
Unlike the 0˚ and 22.5˚ north 
orientation cases, the decreasing 
trend in VR for 45˚ north 
orientation cases is mainly due 
to the decrease in channeling 
effects for those canyons that are 
parallel to the 90˚ north 
direction. 
 
For example, Figure A2-39(c) 
shows a staggering of blocks 
configuration of 5m shift to the 
right and Figure A2-39(d) shows 
a configuration of 20m shift to 
the right, both for winds coming 
from the 45˚ north orientation. 
 
It is observed that for the 5m 
shift to right case, canyons that 
are parallel to the 90˚ north 
direction have point blocks 
which are still considered ‘side 
by side’ facing to each other; 
hence maintaining a ‘proper’ 
urban canyon with walls on both 
sides for channeling effects to 
take place (Figure A2-39(c)).  
But for the 20m shift to right 
case, canyons that are parallel to 
the 90˚ north direction have 
point blocks that become overly 
staggered on both sides (Figure 
A2-39(d)).  This has resulted in 
the canyons not having building 
walls facing each other on both 
canyon sides; hence has become 
unable to maintain good 
channeling effect for wind to 
flow into the precinct. 
 
Figure A2-39(e) shows a closed 
up view of ‘Point Blocks – 45 
North – Stagger – 20m’ case 
showing the ‘lost of the canyon 
walls on both sides’ of the main 
flow paths that are parallel to 90˚ 





































For winds coming 
from the 67.5˚ and 90˚ 
north orientation, the 
gradient of decrease 
for VR is not as steep 
as the rest of the wind 
orientations. 
5.25 Most of the canyons facing the 
90˚ north direction are 
unobstructed and these two wind 
orientations are not so affected 
by the horizontal shift of the 
staggered buildings arrangement. 
But nevertheless, they are also 
affected by the lost of 
channeling effect progressively 
with the increase in horizontal 
shift of the buildings towards the 
right by not having walls facing 
each other on both sides of the 
canyons parallel to the 90˚ north 
direction.  
 
Figure A2-39(f) shows 
staggering of blocks 
configuration of a 5m shift to the 
right and Figure A2-39(g) shows 
staggering of blocks 
configuration of a 20m shift to 
the right, both for winds coming 
from 67.5˚ north wind. The 
decrease in VR with an increase 
in staggering to the right is not 
very significant when we 
















VR readings for 67.5˚ 
north wind orientation 
are higher than the 
readings for 90˚ north 
wind orientation. 
5.25 This is because for 67.5˚ north 
wind orientation cases, wind 
approaches the precinct at an 
angle whereby canyons which 
are facing the 0˚ north direction 
benefit from some incoming 
oblique wind flow (especially 
those at the front portion towards 
the wind). But for the 90˚ north 
wind orientation cases, wind 
flow comes in straight into the 
canyons parallel to the 90˚ north 
direction whereby canyons 
which are parallel to the 0˚ north 
direction do not have any 
oblique angle wind flows 
coming in at an angle; hence 
blocks that are behind windward 
buildings suffered from total 
blockage.  
 
Figure A2-39(h) shows 
staggering of blocks 
configuration of a 5m shift to the 
right and Figure A2-39(i) shows 
staggering of blocks 
configuration of a 20m shift to 
the right, both for winds coming 
from 90˚ north wind.  
 
Comparison is made for the 
same configuration with Figure 
A2-39(f) and A2-39(g) above 
respectively for 67.5˚ north 
orientation wind. We can see 
that 90˚ north orientation cases 
have relatively lower wind flows 
within the precinct compared to 
67.5˚ north orientation cases.  
 
Figure A2-39(j) shows a closed-
up view of the difference 
between 67.5˚ and 90˚ north 
wind orientation whereby the 
former shows oblique wind flow 
coming in at an angle from 
canyons parallel to the 0˚ north 
direction. This allows more wind 
flow circulation and improves 
the overall ventilation within the 












5.3.5.1.2 Point Blocks – Mid-Level 
 
The overall results for area-averaged VR values within the estate for point 
blocks under the Staggering of Blocks Arrangement (STAG) configuration are 
shown in Figure 5.26 for mid-level. The detailed diagrams and figures for 




Figure 5.26: Mid-level area-averaged VR against stagger (in metres) for staggering of 














progressively from 0˚ 
to 67.5˚ and 90˚. 
5.25 The higher magnitudes of VR are 
related to the number of 
unobstructed canyons facing 
more towards the wind 
orientation. The high number of 
unobstructed canyons parallel to 
90˚ north direction gives rise to 
higher VR values for winds 
coming from the 67.5˚ and 90˚ 




In the STAG configuration for point blocks at mid-level, VR readings for all 
wind orientations decrease as STAG increases. The reasons for the gradient of 
decrease at different orientations are similar to that for pedestrian level as 
explained in Section 5.3.5.1.1. More detailed findings and explanation are 
shown in Table 5.55. 
 
Table 5.55: Parametric study findings and their explanations for point blocks, mid-
level of STAG - staggering configuration 
STAG – Mid-Level, Point Blocks 
Wind 
Orient 







VR for all the wind 
orientations at mid-
level decrease as 
staggering increases. 
 
The gradient of 
decrease is the highest 
for 0˚ north wind 
orientation followed 
by 22.5˚, 45˚, 90˚ and 
finally 67.5˚ north 
orientations. 
5.26 The reasons are similar to those 
discussed for point blocks 
staggering at pedestrian level in 






VR values are slightly 




Figure A2-40(a) shows 
staggering of blocks 
configuration of a 5m shift to the 
right and Figure A2-40(b) shows 
staggering of blocks 
configuration of a 20m shift to 
the right, both for winds coming 
from 90˚ north orientation. If we 
compare Figure A2-40(a) and 
A2-40(b) (mid-level) to Figure 
A2-39(h) and A2-39(i) 
(pedestrian level) respectively, 
we can see that the velocities at 
mid-level is not much higher 
than readings at pedestrian level.  
 
The reason for the higher wind 
speed at mid-level is due to this 
configuration having more 
unobstructed canyons facing 
towards the wind direction 
(67.5˚ and 90˚ north). The 
power-law wind profile that 
comes in parallel or almost 
parallel to the canyons allows 
the highest degree of channeling 
with wind being stronger at 


















Winds coming from 
45˚ north orientation 




Figure A2-40(c) shows 
staggering of blocks 
configuration of a 5m shift to the 
right and Figure A2-40(d) shows 
staggering of blocks 
configuration of a 20m shift to 
the right, both for winds coming 
from 45˚ north wind. If we 
compare Figure A2-40(c) and 
A2-40(d) (mid-level) to above  
Figure A2-39(c) and A2-39(d) 
(pedestrian level) respectively, 
we can see that winds at 
pedestrian level is stronger than 
at mid-level. 
 
The inflow from both directions 
of the transverse canyons which 
provide opposing flow, slow 
down the overall outdoor wind 
relative to those with more 
canyons facing the wind 
orientation e.g. 67.5˚ and 90˚ 
north. This will inevitably cause 
more turbulence throughout the 
different levels whereby the 
upper levels, with higher 
turbulence, will be further 
disturbed; hence their supposed 
higher wind speed becomes 
more disrupted and reduced than 
wind at pedestrian level.  
 
For pedestrian level winds, the 
flow is much more laminar and 
less turbulent than higher levels; 
therefore they are steadier and 






VR readings are 





The reason is due to the lack of 
channeling effects that are the 
usual case for unobstructed 
continuous canyons. 
Furthermore, they are more 
‘bent’ and this causes more 
turbulence throughout the 
different levels whereby the 
upper levels with higher 
turbulence within the UCL will 
be more affected. All these will 








5.3.5.2 Slab Blocks  
 
5.3.5.2.1 Slab Blocks – Pedestrian Level 
 
The overall results for area-averaged VR values within the estate for slab 
blocks under the Staggering of Blocks Arrangement (STAG) configuration are 
shown in Figure 5.27 for pedestrian level. The detailed diagrams and figures 
for explaining the findings are shown in Appendix 2. 
Wind 
Orient 




 VR readings are 
slightly higher than 




The reason behind is due to their 
canyons that are parallel to the 
0˚ north wind direction, which 
does not ‘bent’ the wind like 
oblique wind orientations; hence 
even with the high level of 
staggering (blockage), this 
orientation is still able to offer 
‘patches’ of channeling effect 
with higher wind flows at least 
for the first few rows of blocks.  
 
Figure A2-40(e) shows 
staggering of blocks 
configuration of a 5m shift to the 
right and Figure A2-40(f) shows 
staggering of blocks 
configuration of a 20m shift to 
the right, both for winds coming 
from 0˚ north wind. If we 
compare  Figure A2-40(e) and 
A2-40(f) (mid-level) to above  
Figure A2-39(a) and A2-39(b) 
(pedestrian level) respectively, 
we can see that winds at mid-







VR readings for 67.5˚ 
and 90˚ north wind 
orientation do not 
differ too much from 
each other, unlike the 




Due to the higher turbulence at 
mid-level which tends to 
‘smother’ or narrow down the 






Figure 5.27: Pedestrian level area-averaged VR against stagger (in metres) for 
staggering of blocks arrangement configuration of slab blocks 
 
 
In the STAG configuration for slab blocks at pedestrian level, VR readings for 
all wind orientations increase as STAG increases (Figure 5.27). The gradient 
of increase is the highest when there is least number of canyons parallel or 
oblique to the wind flow direction. The gradient of increase is the highest for 
0˚ north wind orientation followed by 22.5˚, 45˚ and finally both 67.5˚ and 90˚ 
north orientations. For 0˚ north wind orientation, the general increase in VR is 
mainly due to the progressive introduction of wind flow from the protruding 
wall areas facing the wind normally (Figure A2-41(a) and A2-41(b)). The 
principle is very different from point blocks cases. In point blocks 
configuration, there are more number of canyons on both transverse main 
canyon directions within the precinct and their main advantage is the 
channeling effects that comes from the main unobstructed canyons. Staggering 
in this case will block off the existing main canyons’ flow path that are 
parallel to the 0˚ north direction. In contrast, for slab blocks configuration, the 
increase in protruding wall areas at the right-side of the precinct helps to bring 
in wind flow by channeling them into the precinct. The longer side of the 
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buildings that are parallel to the 90˚ north direction provided and maintained 
the necessary channeling effect that helps to improve overall ventilation, 
unlike the cases for point blocks whose short walls could not maintain a 
proper canyon with parallel walls on both sides once staggering occurs. VR 
magnitudes for 22.5˚ and 45˚ north wind orientation are also increasing with 
the progressive increase in staggering, but their gradient of increase is smaller 
than that for 0˚ north wind orientation. This is due to their oblique orientations 
of which channeling effects derived from the canyons which are parallel to 90˚ 
north direction are already in place (Figure A2-41(c) and A2-41(d)). Any 
improvement in ventilation from progressive staggering will not be as drastic 
as for the 0˚ north wind orientation. VR for both 67.5˚ and 90˚ north wind 
orientations are the least steep among all wind orientations. The reasons are 
similar to the above-mentioned case for 22.5˚ and 45˚ north wind orientation 
whereby the existing channeling effects from canyons parallel to 90˚ north 
orientation are the strongest and further staggering will not provide significant 
improvements like those cases from other wind orientations (Figure A2-41(e), 
A2-42(f), A2-41(g), A2-41(h) and A2-41(i)). In general, orientations which 
have more canyons parallel to the wind will have less significant increase in 
VR due to their strong channeling effects throughout the different degree of 









Table 5.56: Parametric study findings and their explanations for slab blocks, 
pedestrian level of STAG - staggering configuration 
 











































VR for all the wind 
orientations at 
pedestrian level 
increase as staggering 
increases. 
 
The gradient of 
increase is the highest 
for 0˚ north wind 
orientation followed 
by 22.5˚, 45˚ and 
finally both 67.5˚ and 
90˚ north orientations. 
5.27 See below.  
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 VR increases as 
staggering increases. 
 
5.27 General increase in VR for 
orientations like 0˚ north is 
mainly due to the progressive 
introduction of wind flow from 
the protruding wall areas facing 
the wind normally. 
 
For example, Figure A2-41(a) 
shows staggering of blocks 
configuration of a 5m shift (for 
all slab blocks) to the right and  
Figure A2-41(b) shows 
staggering of blocks 
configuration of a 25m shift 
(for all slab blocks) to the right, 
both for winds coming from 0˚ 
north wind.   
 
In Figure A2-41(a), we can see 
that with only 5m of stagger to 
the right for all consecutive 
blocks; most of the buildings 
behind in subsequent rows are 
still being almost completely 
blocked by buildings in front. 
There are only three main 
canyons parallel to the 0˚ north 
wind orientation and the 
staggering arrangement turns 
these three canyons from being 
parallel to into being oblique to 
the 0˚ north wind orientation; 
hence further reducing its 
channeling effect. But the 5m 
protruding walls on the right 
help to improve the ventilation 
level by ‘catching’ some wind 
flow and then channeling it into 
the canyons parallel to the 90˚ 
north direction. In Figure A2-
41(b), the 25m protruding walls 
from the staggered arrangement 
for all consecutive rows helps 
to ‘catch’ and channel even 
more wind into the precinct.  
 
The principles behind are very 





































 VR increases as 
staggering increases. 
 
5.27 For point blocks configuration, 
there are more canyons on both 
transverse main canyon 
directions of the precinct and 
their main advantage is the 
channeling effects that comes 
from the main unobstructed 
canyons. Staggering will block 
off the existing main canyons’ 
flow path that are facing the 0˚ 
north direction.  
 
In contrast, for slab blocks 
configuration, the increase in 
protruding wall areas at the 
right-side of the precinct helps 
to bring in wind flow by 
channeling them into the 
precinct. The longer side of the 
buildings that are parallel to the 
90˚ north direction provided 
and maintained the necessary 
channeling effect that helps to 
improve overall ventilation, 
unlike the cases for point 
blocks whose short walls could 
not maintain a proper canyon 
with walls on both sides once 


























VR magnitudes are 
also increasing with 
the progressive 
increase in staggering, 
but their gradient of 
increase is smaller 
than that for 0˚ north 
wind orientation. 
5.27 This is due to their oblique 
orientations of which 
channeling effects derived from 
the canyons which are parallel 
to 90˚ north direction are 
already in place. Any 
improvement in ventilation 
from progressive staggering 
will not be as drastic as for the 
0˚ north wind orientation. 
 
Figure A2-41(c) shows 
staggering of blocks 
configuration of a 5m shift to 
the right and Figure A2-41(d) 
shows staggering of blocks 
configuration of a 25m shift to 
the right. Both show channeling 
of wind flows from the oblique 
winds from 22.5˚ north 
orientation, into the canyons 
which are parallel to the 90˚ 
north direction. The progressive 
increase in staggering as shown 
in Figure A2-41(d) helps to 
channel more wind into the 
precinct by increasing the 
protruding wall areas normal to 







The gradients of 
increase of VR are the 
least steep among all 
wind orientations. 
5.27 The reasons are similar to the 
above-mentioned case for 22.5˚ 
and 45˚ north wind orientation 
whereby the existing 
channeling effects from 
canyons parallel to 90˚ north 
orientation are the strongest and 





















VR readings for 67.5˚ 
north wind orientation 
are higher than the 
readings for 90˚ north 
wind orientation. 
5.27 The reasons are similar to the 
case for point blocks at 
pedestrian level as mentioned 
in Section 5.3.5.1.1.  
 
This is because for 67.5˚ north 
wind orientation cases, wind 
approaches the precinct at an 
angle whereby canyons which 
are facing the 0˚ north direction 
benefit from some incoming 
oblique wind flow (especially 
those at the front portion 
towards the wind). But for the 
90˚ north wind orientation 
cases, wind flow comes in 
straight into the canyons 
parallel to the 90˚ north 
direction whereby canyons 
which are parallel to the 0˚ 
north direction do not have any 
oblique angle wind flows 
coming in at an angle; hence 
blocks that are behind 
windward buildings suffered 
from total blockage.  
 
Figure A2-41(e) shows 
staggering of blocks 
configuration of a 5m shift (of 
all slab blocks) to the right and  
Figure A2-41(f) shows 
staggering of blocks 
configuration of a 25m shift (of 
all slab blocks) to the right, 
both for winds coming from 
67.5˚ north wind.  Figure A2-
41(g) shows staggering of 
blocks configuration of a 5m 
shift (of all slab blocks) to the 
right and  Figure A2-41(h) 
shows staggering of blocks 
configuration of a 25m shift (of 
all slab blocks) to the right, 














5.3.5.2.2 Slab Blocks – Mid-Level 
 
The overall results for area-averaged VR values within the estate for slab 
blocks under the Staggering of Blocks Arrangement (STAG) configuration are 
shown in Figure 5.28 for mid-level. The detailed diagrams and figures for 








VR readings for 67.5˚ 
north wind orientation 
are higher than the 
readings for 90˚ north 
wind orientation. 
5.27 We can see in Figure A2-41(e) 
and A2-41(f) that the increase 
in staggering did not provide a 
significant improvement for 
winds coming from 67.5˚ north 
orientation, similar for 90˚ 
north cases in Figure A2-41(g) 
and A2-41(h). But wind flows 
at 67.5˚ north orientation cases 
seem to have much better 
ventilation. 
 
Figure A2-41(i) shows a 
closed-up view of the 
difference between 67.5˚ and 
90˚ north wind orientation 
whereby the former shows 
oblique wind flow coming in at 
an angle from canyons parallel 
to the 0˚ north direction. This 
allows more wind flow 
circulation and improves the 
overall ventilation within the 














In general, orientations 
which have more 
canyons parallel or 
oblique to the wind 
will have less 
significant increase in 
VR. 
5.27 Due to their stronger 
channeling effects throughout 
the different degree of 
staggering. The improvement 
from staggering will not be 






Figure 5.28: Mid-level area-averaged VR against stagger (in metres) for staggering of 
blocks arrangement configuration of slab blocks 
 
 
In the STAG configuration for slab blocks at mid-level, VR readings for all 
wind orientations increase as STAG increases (Figure 5.28). The reasons for 
these gradients of increase are similar to the cases for pedestrian level at 
Section 5.3.5.2.1. More detailed findings and explanation are shown in Table 
5.57. 
 
Table 5.57: Parametric study findings and their explanations for slab blocks, mid-
level of STAG - staggering configuration 
 















VR for all the wind 
orientations at mid-
level increase as 
staggering increases.  
 
The gradient of 
increase is the highest 
for 0˚ north wind 
orientation followed 
by 22.5˚, 45˚, 67.5˚ 
and 90˚ north 
orientations. 
5.28 The reasons are similar to those 
discussed for slab blocks 
staggering at pedestrian level in 

















VR values for all 
orientations except 90˚ 
north are quite close to 




Wind from 90˚ north orientation 
is higher than pedestrian level and 
the reason behind is due to this 
configuration having more 
unobstructed canyons facing 
towards the wind direction. The 
power-law wind profile that 
comes in parallel or almost 
parallel to the canyons allows the 
highest degree of channeling with 
wind being stronger at higher 
levels.  
 
The other configurations from 
other wind orientations have 
relatively more turbulence 
throughout the different levels 
whereby the upper levels, with 
higher turbulence, will be further 
disturbed due to the stagger 
arrangement; hence their 
supposed higher wind speed 
becomes more disrupted and 
reduced than wind at pedestrian 
level.  
 
Figure A2-42(a) shows the 
staggering of blocks configuration 
of a 5m shift to the right and 
Figure A2-42(b) shows staggering 
of blocks configuration of a 25m 
shift to the right, both from 22.5˚ 
north wind orientation at mid-
level. The increase in staggering 
leads to a significant increase the 
overall ventilation within the 
precinct. The 25m protruding 
walls from the staggered 
arrangement for all consecutive 
rows shown in Figure A2-42(b) 
helps to ‘catch’ more wind and 
channel it into the precinct, 
thereby improving the outdoor 
ventilation.  
 
Next, if we compare the wind 
flows from mid-levels (Figure 
A2-42(a) and A2-42(b)) to 
pedestrian levels (Figure A2-
41(c) and A2-41(d)) 
correspondingly, the 
improvement of wind flow 
between corresponding 
configurations at different levels 











5.3.5.3 Important Points about STAG Index 
 
In general, when using the STAG index, some of the following points need to 
be taken note of:  
1. If staggering takes place along the direction parallel to the canyon 
longitudinal axis which is also oriented to the wind direction (e.g. in this 
parametric STAG study for all 90˚ north orientation cases) – the STAG 
value remains the same for different degree of staggering (i.e. for point 
blocks at 90˚ north orientation to wind, all the STAG = 0.025; for slab 
blocks at 90˚ north orientation to wind, all the STAG = 0.021). But 
looking at the VR differences within the STAG variation under the 90˚ 
Wind 
Orient 
Behavior Figure Reasons Appendix 
Figure 
90˚ Orientations which 
have more canyons 
facing the wind will 
have less significant 
increase in VR for the 
different degree of 
staggering due to their 
strong channeling 
effects throughout the 
variations. 
5.28 The patterns of behavior and 
reasons are similar to slab block 
cases of pedestrian level Section 
5.3.5.2.1. 
 
Figure A2-42(c) shows staggering 
of blocks configuration of a 5m 
shift to the right and Figure A2-
42(d) shows staggering of blocks 
configuration of a 25m shift to the 
right, both from 90˚ north wind 
orientation. The improvement 
from progressive increase in 
staggering is not very significant. 
 
Next for Figure A2-42(c) and A2-
42(d) (mid-level) and Figure A2-
41(g) and A2-41(h) (pedestrian 
level), the slight improvement of 
wind flow from progressive 
staggering, applies at both the 






VR readings for 67.5˚ 
and 90˚ north wind 
orientation do not 
differ too much from 
each other, unlike the 




Due to the higher turbulence at 
mid-level which tends to 
‘smother’ or narrow down the 




north orientation cases for both the point and slab blocks, they do not 
vary very much from each other. Their differences are better explained 
by other independent morphological variations with stronger 
implications in the overall Wind Velocity Ratio (VR) model that is seen 
in Chapter 6. 
2. If there are too many canyons parallel to the wind direction (e.g. at 0˚ 
north wind orientation cases for point blocks) – increased staggering to 
the right (perpendicular shift to the canyons orientation) will progressive 
block off the wind flow paths and thus the creation of blockages to 
buildings behind after the first few front rows. These situations affect the 
point blocks much more than the slab blocks. In slab blocks, the 
presence of the protruding wall on the longer side of the building and the 
ability to maintain a good channeling effect with their longitudinal 
‘continuous parallel’ canyon walls will benefit more from staggering of 
these slab blocks. Hence, increasing staggering (STAG) with increase in 
VR generally applies better for slab blocks than point blocks in cases like 
these. The discrepancy of point blocks to slab blocks’ behavior can be 
addressed by other morphological variables. Generally, in order to reap 
positive effects from staggering, it is important that the main canyon 
pathways that allow wind to flow into the precinct are not totally blocked 
and remain unobstructed, especially for point blocks precincts which are 




If we look at how STAG behaves under other morphological variations (as can 
be seen under the next Chapter 6 – Prediction Model), from the detailed 
morphological tabulations, we observed some of the following main issues: 
1. GBCR (group configuration) variation – within the same orientation, 
the increase in the number of buildings leads to an increase in GBCR and 
decrease in STAG values as there are more total buildings within the 
precinct (more total vertical wall areas) that make up the denominator of 
the STAG index. The effect is a decrease in VR (ventilation within 
precinct) as STAG decrease and vice versa.  
2. GEO (width variation configuration) variation – within the same 
orientation, the increase in width or spacing between all buildings leads 
to an increase in GEO with more spaces for wind to come in, as well as a 
general increase in STAG values as there are now more wall surfaces 
facing normal to wind flow over the same amount of total vertical wall 
areas within the precinct; hence increase in STAG is reflected in the 
increase in VR values. This occurs until a threshold where thereafter will 
see stagnated VR readings.  
3. GEO (height variation configuration) variation – as the height of all 
buildings increase within the precinct, the proportional increment of 
frontal wall areas normal to the wind flow (in any wind orientation cases) 
over the proportional increment of the total vertical wall areas of all 
buildings within the precinct gives the same STAG values within the 
same orientation case. In the prediction of VR values, other 






As can be seen from the above parametric study, precinct-scale wind flow is 
being affected by the systematic variation of these seven morphological 
variables. These wind flow behavior are very different from previous studies 
done by other researchers that has looked at wind flow patterns in a much 
smaller scale. Important information has been gathered from all these 
morphological variables parametric study and that supports the possibility of 
the development of a Wind Velocity Ratio (VR) prediction model which is 
covered in Chapter 6. These exercises have important implications for 
building and urban planning development of residential estates in future. In 
conclusion, morphological variations can be optimized to allow ample outdoor 
ventilation within an estate or precinct and supports the first hypothesis on the 
correlation between building morphologies and area-averaged VR. It is hoped 
that the VR model can be used future for urban planning of high-rise precincts 












CHAPTER 6 : ESTATE LEVEL WIND VELOCITY RATIO (VR) 
PREDICTION MODELS 
 
6.1 Introduction  
 
This chapter discusses on the development of Wind Velocity Ratio (VR) 
models for indicating the levels of outdoor ventilation at both pedestrian and 
mid-levels, at a precinct or estate-scale in Singapore.  
 
6.2 Methodology and Variables Selection on Wind Velocity Ratio (VR) 
Models Development 
 
In the development of these empirical models, all the numerical results from 
the comprehensive parametric study that had been carried out according to the 
procedures stated in previous chapters, were gathered and analyzed 
statistically using multi-linear regression analysis software techniques.   
 
The area-averaged (according to mesh cell size over the total area of all cells 
within the precinct at same level) outdoor velocity magnitude values were 
extracted at both the pedestrian level (2m above ground) and mid-level (fixed 
at 56m above ground for point blocks and 25m for slab blocks, following their 
respective base cases), cut at a horizontal constrained plane within the precinct. 
A typical estate (precinct) size used is approximately 500×500m (common in 
Singapore) for most of the simulation cases (including the base cases) except 
for the following two situations: 
• Geometric width variation (W) cases – boundary of the constraint 
plane will follow the outline perimeter of the whole precinct that is 
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only inclusive of all the buildings’ footprint and canyon areas 
combined within. The importance is to account for all buildings and 
canyons site coverage only regardless of their width variation.  
• Staggering of blocks cases – boundary of the constraint plane will 
follow the outline perimeter of the whole precinct that is only inclusive 
of all the buildings’ footprint and canyon areas combined within. The 
importance is to account for all buildings and canyons site coverage 
only regardless of their degree of shift variation.   
 
These area-averaged velocity magnitude values were then used to work out the 
corresponding Wind Velocity Ratio (VR) values, as mentioned in Section 
3.2.2.4. The ratio is written as VR = V/V∞ where V can be the wind velocity at 
any study level (e.g. pedestrian level - 2m above ground and other mid-levels) 
and V∞ is the wind velocity at top of UBL not affected by the ground 
roughness, buildings and local site features. In the research here, V∞ will be 
fixed (for all the VR calculations) at 6.13m/s which occurs at around 745m 
above ground, for working out the VR. This ratio will be used as the dependent 
variable in model development for both the pedestrian and mid-levels.  
 
The independent variables of the models consist of the following seven urban 
morphological variables: 
• ORIENT – Orientation of canyon geometry is quantified using the 
Relative Sinuosity Index ( θS ). 




• GEO – Geometry is quantified using the Maximum Hydraulic 
Diameter (HDMax) index.  
• GBCR – Gross Building Coverage Ratio is quantified using the ratio 
between gross ground floor area of a building to a given site area (land 
to building footprint). 
• PERM – Permeability is quantified using Permeability (PERM) 
index.  
• HV – Buildings’ Height Variation is quantified using the standard 
deviation of the height variation of all the high-rise buildings within 
the estate (precinct). 
• STAG – Staggering of Blocks Arrangement is quantified using the 
Frontal Area Ratio Index (Afront). 
 
The details of the above mentioned seven indices can be referred to at Section 
3.2.1.  
 
The quantities from the different morphological indices within the precinct 
area were mapped and worked out using a combination of GIS and Microsoft 
Excel software. The accuracy of the CFD software Star-CCM+ had been 
verified in Chapter 4 using wind tunnel testing, making sure that the boundary 
conditions and similarity parameters between model and prototype were 
adhered to.   
 
In the multi-linear regression analysis, it was found that the total of 835 cases 
do not have a good R2 value. The underlying problem lies with the set of 
readings from urban morphological cases of GBCR with random and 
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courtyard configurations. The earlier study as described in Chapter 5 shows 
that under the same GBCR, we have vastly very different patterns of behavior. 
Any regression coefficient and Pearson’s correlation coefficient that resulted 
from statistical analysis will not apply to all the patterns of behavior of the 
same GBCR value. That is why the resulted R2 value is much lower than 
expected due to a not so good curve fit of the resultant models for both 
pedestrian and mid-levels. The details of the analysis are described in the 
following Section 6.3. 
 
All the numerical study cases for point and slab blocks are shown in Appendix 
3 of this thesis. The details of each case include the dependent and 
independent variables values. The independent variables comprise of all the 
mapped urban morphological variables and the dependent variable is the area-
averaged Wind Velocity Ratio(s) (VR) that were extracted after each 
simulation exercise at their respective levels.   
 
6.3 Results and Discussion 
 
6.3.1 Models Development 
 
In the first stage of model development, an analysis was done to identify the 
behavior of the models’ variables, by examining the variables’ regression 
coefficient values (Beta coefficients) and their correlations with the dependent 
variable (Pearson Correlation). It is important to analyze how these 
independent morphological variables behave when put together, in 




The first round of statistical analysis using multi-linear regression STEPWISE 
method involves the use of all the 835 numerical study cases as shown in 
Table A3-1, A3-2 and A3-3. The results from the model summary are shown 
in Table 6.1 and Table 6.2(a) and (b) show the regression results for both the 
pedestrian and mid-levels of the Wind Velocity Model (VR) model. The R-
square coefficient for pedestrian and mid-levels are 0.621 and 0.629 
respectively. The results are only fair as the models can only account for about 
half of the variability of VR.  
 
Table 6.1: Model summary for both pedestrian and mid-level models of all 835 






Table 6.2: Regression results of the Wind Velocity Ratio (VR) models for pedestrian 









In regards to the individual morphological variables, they are all in line with 
the general theory of factors that influence VR. Both the signs for the beta 
coefficient and the Pearson Correlation (R) are the same. But we noticed that 
during the stepwise linear regression, GBCR was removed from the model for 
the pedestrian level and is slightly near insignificant (p > 0.05) for the mid-
level model. As mentioned earlier in Section 6.2, the problem could have lie 
with the set of readings from urban morphological cases of GBCR with 
random and courtyard configurations. Under the same GBCR, the patterns of 
behavior with GBCR increase give very different trends with different kind of 
configurations. Random configurations give very non-linear behavior and 
courtyard configuration gives opposite treads which are not in line with the 
general theory that increase in GBCR will decrease the average wind speed 
within a site area. It was decided that in the second round of analysis, we 
decided to remove the set of data for GBCR random and courtyard 
configurations for both point and slab blocks. The remaining numbers of cases 
now becomes 665. The removal of the set of data from GBCR random and 
courtyard configurations can also boil down a reasonable assumption that 
given that land is scarce in Singapore, many HDB projects within a given 
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precinct are planned to be developed from a certain area and grow its footprint 
coverage progressively, instead of treating the given precinct as an open 
concept whereby buildings are put in randomly or in courtyard fashion. If the 
later configurations are implemented, problems like inflexibility in future 
planning might surface and changes to existing development might become a 
challenge. A group configuration is a much viable option because land is 
economically utilized and empty spaces are left open for future development 
as and when it is necessary. Furthermore, there is flexibility in implementing 
new development measures and uses to cater for the changing needs of the 
residents. But since removal of both random and courtyard configurations 
weakens the overall results as shown in the analysis, there are some 
suggestions to mitigate this problem – do separate analysis for random and 
courtyard configurations. The study that comprise of the courtyard GBCR 
configuration will exclude all the data of both random and group 
configurations from both the point and slab blocks. Likewise, for random 
GBCR configuration, group and courtyard configurations will be removed. It 
is expected that the study which comprise of the courtyard configuration only, 
will give a positive beta coefficient value for both pedestrian and mid-levels 
due the increasing VR with increasing GBCR. As for the GBCR random 
configuration analysis, due to the non-linear behavior, non-linear regression 
analysis methods may be employed to transform the parameters first before 
doing a linear regression analysis. Alternatively, segmented linear regression 
analysis can be used, with two segments separated by a breakpoint to quantify 
an abrupt change of the dependent variable (VR) to a varying influence of 
GBCR. This breakpoint is interpreted as a critical or threshold value where if 
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go beyond or below, (un)desired effects will occur. In this case, we will have 
two separate models for two different ranges of random GBCR. One of the 
models will have a negative beta coefficient and the other will have a positive 
beta coefficient. 
 
For the second round of multi-linear regression analysis, the results from the 
model summary are shown in Table 6.3 and Table 6.4(a) and (b) show the 
regression results for both the pedestrian and mid-levels of the Wind Velocity 
Model (VR) model. We can see that not only do both the signs in beta 
coefficient and Pearson Correlation (R) are the same for all the independent 
morphological variables, the R-square coefficient for both the pedestrian and 
mid-levels improved significantly to become 0.800 and 0.785 respectively. 
This indicates that the both models are able to explain about 80% of the 
variability in VR.  
 
Table 6.3: Model summary for both pedestrian and mid-level models of all 665 


















Table 6.4: Regression results of the Wind Velocity Ratio (VR) models for pedestrian 






Orientation (ORIENT) 0.178 0.000 0.419
Building Shape (BS) ‐0.006 0.000 ‐0.511
Geometry (GEO) 0.001 0.000 0.389
Gross Building Coverage Ratio (GBCR) ‐0.043 0.019 ‐0.505
Permeability (PERM) 0.693 0.000 0.180
Height Variation (HV) ‐0.002 0.000 ‐0.479











In general, the more urban canyons that are parallel to the wind direction 
within the precinct (higher ORIENT), the better will be the overall ventilation. 
This is reflected in the increase in Relative Sinuosity ( θS ) values with an 
increase in VR which is in line with the general theory from previous 
researches. It is beneficial in urban planning to introduce more unobstructed 
pathways for wind to penetrate and distribute more wind especially to the 




The Building Shape (BS) is quantified by the Compacity Factor (CF) which is 
a summation of all the buildings’ surface areas over their building volumes. 
The following are some important observations from the parametric study:  
• The increase in the number of buildings within the precinct (GBCR 
increase) will lead to an increase in BS index – the rate of increase in 
the surface area is faster than the increase in volume of all buildings; 
hence this creates more surface friction or roughness to the ambient 
wind flow and slows it down (decrease in VR). 
• The increase in height of all the buildings within the precinct (GEO 
increase from height variation configurations) will lead to a decrease 
in BS index – the rate of increase in the surface area is slower than the 
increase in volume of all buildings; hence it contributes to 
progressively lesser surface friction in relative terms. Furthermore, 
with the increase in channeling effects that comes from GEO increase 
from height variation (H) configurations, the overall VR increases.  
 
Geometry (GEO) is quantified by the Maximum Hydraulic Diameter 
(HDMax), which is defined as the summation of all the largest hydraulic 
diameter of individual outdoor grid space, that are each area-weighted over 
the whole given precinct. High GEO values indicated more cross-sectional 
areas of canyons that are available for wind to pass through easily. Canyons 
that are very narrow or too short to achieve a reasonable GEO will not allow 
wind speed to increase through channeling effects or increase in the mass flow 
rate, whichever is applicable. High GEO also indicates the availability of 
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breezeways within a precinct which allow wind to travel within. Hence, 
increase in GEO will always leads to an increase in VR.  
 
The increase in Gross Building Coverage Ratio (GBCR) indicates the increase 
in buildings within a precinct, which means that there will be more blockages 
and roughness elements. The more the number of buildings, the more the wind 
will be slowed down within the precinct (decreasing VR). Furthermore, we 
also notice at with increasing GBCR; GEO and STAG decreases, BS increases 
corresponding – all points to a decrease in VR.  
 
The increase in Permeability (PERM) will always leads to a general increase 
in VR no matter what configuration it is i.e. ground floor only, ground floor 
and mid-height, and mid-height only. The only concern is to find the threshold 
PERM where the VR value starts to plateau, so that we know what the 
maximum building voids size should be in order to achieve maximum 
ventilation.  
 
The trend in Height Variation (HV) for both the pedestrian and mid-levels are 
different. Varying the height of buildings is more beneficial to the upper levels 
than lower levels. This is because when HV is large, higher variation in 
building heights will cause wind flow to become highly turbulent and erratic. 
This resulted in upper levels winds not being able to reach pedestrian levels 
and also counter-rotating vortices may form at lower levels that further lower 
the VR values. This situation is more beneficial for upper mid-levels where the 
wind turbulence helps to increase ventilation at this area; hence helping to 
increase VR.  
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The increase in Staggering (STAG) generally indicated that there are more 
frontal wall areas that face the wind direction normally over the total surface 
wall areas of all buildings within the precinct. Increasing STAG values 
generally indicated the following situations: 
• There is lesser total number of buildings within a precinct (GBCR 
decrease); hence this will cause less obstruction to wind flow and 
thereby an increase in VR value.  
• The increase in spacing between buildings within a precinct that comes 
from increasing GEO under the width variation (W) configuration 
whereby the distance between buildings become wider, allowing more 
wall surfaces to face the wind direction normally (increasing STAG); 
hence there are more spaces for wind to move into the precinct 
(increasing VR). 
 
The other issues about STAG index that we need to take note of are mentioned 
in Section 5.3.5.3. 
 
After the discussion of the results from the multi-linear regression analysis for 
all the independent morphological variables, the next stage is to develop the 
Wind Velocity Ratio (VR) models that will include only the significant 
variables (p < 0.05) and those variables where their beta coefficient signs are 
similar to the Pearson Coefficient (R). Hence, the Wind Velocity Ratio (VR) 






• For pedestrian level (2m):  
VR = 0.132 + 0.178(ORIENT) - 0.006(m) (BS)(m-1) + 0.001(m-1) 
(GEO)(m) - 0.043(GBCR) + 0.693(PERM) - 0.002(m-1) (HV)(m) + 
0.261(STAG) 
 R2 = 0.800, F = 375.461, Std. Error = 0.029 
• For mid-level:  
VR = 0.163 + 0.257(ORIENT) - 0.009(m) (BS)(m-1) + 0.001(m-1) 
(GEO)(m) - 0.069(GBCR) + 0.857(PERM) + 0.001(m-1) (HV)(m) + 
0.086(STAG) 
 R2 = 0.785, F = 329.889, Std. Error = 0.032 
 
The reason for developing ventilation prediction models for the pedestrian and 
mid-levels instead of separate models for point and slab blocks, is due to the 
flexibility of the models’ usage in Singapore’s urban planning whereby there 
is always a mixture of both basic block types. This is especially true in zones 
that are free from aviation height restrictions. If the model is too specific for a 
particular block type, the discrepancies between modeled and prototype CFD 
simulation VR values are expected be wider, due to its specialized nature.  
 
6.3.2 Models Strength and Accuracy 
 
The Wind Velocity Ratio (VR) models were developed based on the data from 
the parametric study. It is necessary to check, based on the existing data, how 
much the modeled results from the two Wind Velocity Ratio (VR) models 
differs from the actual simulation results. As for the validation process, it will 
be carried out in Chapter 8 where morphology variables from few case studies 
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will be used to show how accurate the models are if used for future urban 
planning purposes, within the stipulated limitations.  
 
Figure 6.1 shows the comparison between modeled VR values and the actual 
VR readings that were extracted from the numerical simulation cases for 
pedestrian level. It shows that the calculated VR values are very close to the 
actual readings. From the box and whisker plot, it can be derived that 50% of 
the difference between the modeled and simulated VR is within acceptable 
range of 0.00 to 0.04, which is slightly above zero value. Figure 6.2 shows the 
comparison between modeled VR values and the actual VR readings that were 
extracted from the numerical simulation cases for mid-level. It shows that the 
modeled VR values are very close to the actual simulated readings. From the 
box and whisker plot, it can be derived that 50% of the difference between the 
calculated and measured VR is within acceptable range of 0.01 to 0.04, which 
is slightly above zero value as well. The enlarged graphs for both Figure 6.1(a) 
and 6.2(a) can be viewed at Appendix 4 for the different case numbers. 
 
By comparing the VR values between the modeled results and actual values, 
the multi-linear regression models for both the pedestrian and mid-levels tend 
to slightly over-predict the actual values. But even though we have this issue, 
the models explain the behavior of the independent morphology variables well 









This chapter has demonstrated the development of estate level ventilation 
models for both pedestrian and mid-levels. In order to ensure more robust 
models, a large number of numerical study cases were run to cover the various 
possible morphological variables that could affect wind flow within an estate. 
The total number of simulations done is 835 and 665 cases (excluding GBCR 
random and courtyard configurations) were used to generate the models. Even 
though some cases were being excluded from the regression analysis, they still 
serve as useful data and knowledge for future planning in situations that might 
warrant their use.  
 
The R2 values for both the pedestrian and mid-levels are 0.800 and 0.785 
respectively which are fairly high. The comparison between modeled values 
and actual values for all the parametric cases have shown to be very close in 
terms of magnitudes and trends. The validation and application of this model 










(c)   
 
Figure 6.1: The comparison between modeled results and actual numerical study 
results for VR at pedestrian level - (a) line graph, (b) comparison graph and (c) box 














Figure 6.2: The comparison between modeled results and actual numerical study 
results for VR at mid-level - (a) line graph, (b) comparison graph and (c) box and 












CHAPTER 7 : SENSITIVITY ANALYSES   
 
7.1 Introduction  
 
The objective of this chapter is to analyze the dependence of area-averaged 
Wind Velocity Ratio (VR) due to variations in each independent 




Sensitivity analyses are carried out to achieve the above-mentioned objective 
by checking the changes in VR with certain systematic variations in 
morphological variables by using the Wind Velocity Ratio (VR) models 
developed in Chapter 6 for both pedestrian and mid-levels. The morphological 
variables from the original parametric study that are systematically varied for 
this sensitivity analysis are as follows: 
• Gross Building Coverage Ratio (GBCR)  
• Geometry (GEO)  
• Building Height Variation (HV)  
 
In other words, the analyses are done by varying some of the important 
variables: the Gross Building Coverage Ratio (GBCR) which predominantly 
affects the Building Shape (BS), Geometry (GEO) and the Staggering of 
Blocks Arrangement (STAG); the Geometry (GEO) which predominantly 
affects the Building Shape (BS), Gross Building Coverage Ratio (GBCR) and 
Staggering of Blocks Arrangement (STAG); and Building Height Variation 
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(HV) which predominantly affects Building Shape (BS), Geometry (GEO) and 
Staggering of Blocks Arrangement (STAG).  
 
The original mapped out morphological indices from the parametric study 
cases are used to input into the Wind Velocity Ratio (VR) models for both 
pedestrian and mid-levels to study their relation with VR under the use of the 
regression models. In addition, for GEO and HV variations, additional mapped 
out cases on top of those in the original parametric study are used to ‘stretch’ 
the models’ predictive abilities. For GBCR, since the base cases already 
almost covered the whole precinct (as in 500m by 500m base cases) and 
further addition of blocks is not possible, no additional mapped cases are used. 
On top of these morphological variations, the progressive increase in blocks 
Permeability (PERM) is studied to see how the addition of void decks and sky 
gardens could help to bring in more wind flow into a precinct. As the building 
density of Singapore increases, the limited amount of spaces available will 
warrant planners to consider options that are innovative and sustainable. The 
inclusion of void decks at ground floor helps to provide additional communal 
meeting areas for the residents and also improve the overall ventilation within 
the precinct; hence helping to save spaces and allowing ample wind flow at 
the same time. Next, the inclusion of sky gardens at mid-heights of blocks not 
only improves ventilation, but also provides additional greenery within the 
precinct. In recent high-rise buildings designs, the increases in void decks’ 
height and inclusion of sky gardens have become very popular. On top of their 
aesthetic value, they also serve to improve the overall ventilation to buildings 
that are placed further inside the precinct area. It will be useful to know how 
much porosity to provide to obtain the desired level of overall ventilation 
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within the precinct. The sensitivity studies for each variation are detailed in 
the following sections.  
 
7.2.1 Gross Building Coverage Ratio (GBCR) Study  
 
Sensitivity analyses for GBCR include the morphological variation cases in 
the original parametric study for group configuration as shown in Table 7.1 for 
both point and slab blocks. On top of this variation, the effect of the different 
levels of porosity is also studied (Table 7.1).  
 
7.2.2 Geometry (GEO) Study  
 
Sensitivity analyses for GEO include the morphological cases in the original 
parametric study in terms of both combined geometric height (H) and width 
spacing (W) variations for point and slab blocks. In addition, some extra 
morphological cases of geometric height (H) and width (W) variations are 
added (highlighted in light blue), whereby their morphological variables in 
relation to these extra cases are mapped and input into the VR models for this 
sensitivity analysis. The GEO values used in this sensitivity study for both the 
point and slab blocks are as shown in Table 7.2 for pedestrian level and Table 
7.3 for mid-level. Variation cases in red letterings are not included in the 
sensitivity study for mid-levels as the building heights used are smaller than 







Table 7.1: Tabulated values of GBCR for the sensitivity analyses for group 


























Table 7.2: Tabulated values of GEO for the sensitivity analyses of point and slab 








Table 7.3: Tabulated values of GEO for the sensitivity analyses of point and slab 






Similar to the sensitivity study for GBCR, on top of the variation cases for 






7.2.3 Buildings’ Height Variation (HV) Study  
 
Sensitivity analyses for HV include the morphological variation cases in the 
original parametric study in terms of both random and stratified configurations 
for both point and slab blocks. In addition, some extra morphological HV 
cases are added (highlighted in light blue) whereby their morphological 
variables in relation to these extra cases are mapped and input into the VR 
models for this sensitivity analysis. The building height variation (HV) cases 
used in this parametric study for both point and slab blocks are shown in Table 
7.4 (Table 7.4). Similar to the sensitivity study for GBCR and GEO, on top of 
the variation cases for HV, the effect of the different levels of porosity is also 
studied.  
 






7.3 Results and Discussion 
 
7.3.1 GBCR Study 
 
(A) Point Blocks 
The effects on VR from the increase in GBCR at zero permeability are as 
shown in Figure 7.1 for point blocks (Figures 7.1). GBCR increase indicates 
the increase in buildings within a given precinct, which means that there will 
be more blockages i.e. roughness elements; hence wind will be slowed down 
(decreasing VR). Furthermore, we also noticed with increasing GBCR, there 
are a corresponding GEO and STAG decrease and BS increase – all of which 
also point to the decrease in VR. Differences in VR readings between 0˚ and 
90˚ north and between 22.5˚ and 67.5˚ north readings for the smaller GBCR 
readings are due to initial unevenness in the coverage ratio whereby as GBCR 
increase, this unevenness is minimized and readings become closer to each 
other. Due to the equally large number of canyons at both transverse directions 
in the precinct, the readings among the different wind orientations do not 
differ very much. The area-averaged VR values for mid-levels are generally 







Figure 7.1: Predicted VR for point blocks at (a) pedestrian level and (b) mid-level for 
various values of GBCR 
 
 
(B) Slab Blocks 
The effects on VR from the increase in GBCR at zero permeability are as 
shown in Figure 7.2 for slab blocks (Figures 7.2). It shows that for all the wind 
orientations, there is a general decrease in VR when GBCR increases. The 
reasons for the decreasing trend are similar to the point blocks as mentioned-
above. For the different wind orientations, winds from 67.5˚ north and 90˚ 
north gives the best overall VR compared to the rest because there is higher 
number of canyons in place compared to the extreme case of 0˚ north winds 
that have more massive wall surfaces facing the wind. For winds coming from 
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67.5˚ north at pedestrian level, they are slightly higher in VR than those from 
90˚ north orientation. The reasons are due to the lower wind flow at pedestrian 
level and for 90˚ north orientation winds, the magnitude of channeling effect is 
not as strong as that at upper levels; hence for oblique direction winds e.g. 
67.5˚ north which has winds coming from both transverse main canyon 
directions, will be at a better advantage for bringing in more wind at 
pedestrian level.  For mid-levels, it does not have this issue because of the 
higher wind flow that benefits parallel canyons to the wind direction more 
with the increased in channeling effects. Generally, the area-averaged VR 
readings at mid-levels are higher than those for pedestrian levels.  
 (a)  
(b)  
Figure 7.2: Predicted VR for slab blocks at (a) pedestrian level and (b) mid-level for 
various values of GBCR 
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(C) Permeability Effects 
The inclusion of permeability for the various GBCR cases helps to 
progressively increase the VR readings as shown in Figure 7.3 for 0˚ north 
wind orientation, Figure 7.4 for 45˚ north wind orientation and Figure 7.5 for 









Figure 7.3: Predicted VR for point blocks (a) and (b); and slab blocks (c) and (d) at 









Figure 7.4: Predicted VR for point blocks (a) and (b); and slab blocks (c) and (d) at 











Figure 7.5: Predicted VR for point blocks (a) and (b); and slab blocks (c) and (d) at 
pedestrian and mid-levels for various values of GBCR at 90˚ north wind orientation 
 
 
From the above sensitivity study, we can see that with each increase of 
permeability (P = 0.010), there will be an increase in VR of about 0.01, which 
is equivalent to about 0.06m/s in wind speed. The benefits of including 
porosity in building designs are usually restricted by the area’s height 
limitation, allowable plot ratio and also the current population density of 
which the planner will need to cater into his designs.  
 
7.3.2 GEO Study 
 
(A) Point Blocks 
The effects on VR from the increase in GEO at zero permeability are as shown 
in Figure 7.6 for point blocks (Figure 7.6). High GEO values indicated more 
cross-sectional areas of canyons that are available for wind to pass through. 
Canyons that are too narrow or too short to achieve a reasonable GEO will not 
allow wind speed to increase through channeling effects or increase in the 
mass flow rate, whichever is applicable. The increase in GEO also leads to a 
decrease in BS (geometric height variation cases only) and GBCR (geometric 
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width variation cases only) and increase in STAG (geometric width variation 
cases only) whereby all of these will lead to an increase in VR. Due to the 
equally large number of canyons at both transverse directions in the precinct, 
the readings among the different wind orientations do not differ very much. 
The area-averaged VR values for mid-levels are generally slightly higher than 
those from pedestrian levels. If we look at Figure 7.6(a), we noticed that for 
GEO that is around 8.62, the predicted VR becomes negative at pedestrian 
level which is not right theoretically. This GEO is derived from a case where 
building heights are at 5m and canyon widths at 20m wide. We can more or 
less get an idea that it is not so advisable to apply the models for cases where 
GEO is below 10.00m.  
 
(B) Slab Blocks 
The effects on VR from the increase in GEO at zero permeability are as shown 
in Figure 7.7 for slab blocks (Figures 7.7). It shows that for all the wind 
orientations, there is a general increase in VR when GEO increases. The 
reasons behind the increasing trend are similar to the point blocks as 
mentioned-above. For the different wind orientations, winds from 67.5˚ north 
and 90˚ north gives the best overall VR compared to the rest because there is 
more number of canyons in place compared to the extreme case of 0˚ north 
winds that have more massive wall surfaces facing the wind. For winds 
coming from 67.5˚ north at pedestrian level, they are slightly higher in VR than 
those from 90˚ north orientation. The reasons are the same as for the cases of 
GBCR cases as mentioned in Section 7.3.1. Generally, the area-averaged VR 




If we look at Figure 7.7(a), we noticed that for GEO that is around 8.45, the 
predicted VR becomes very low especially for winds more towards the 0˚ north 
orientation. This GEO is derived from a case where building heights are at 5m 
and canyon widths at 20m wide. We can more or less get an idea that it is not 
so advisable to apply the models for cases where GEO is below 10.00m, 




Figure 7.6: Predicted VR for point blocks at (a) pedestrian level and (b) mid-level for 








Figure 7.7: Predicted VR for slab blocks at (a) pedestrian level and (b) mid-level for 
various values of GEO 
 
 
(C) Permeability Effects 
The inclusion of permeability for the various GEO cases helps to 
progressively increase the VR readings as shown in Figure 7.8 for 0˚ north 
wind orientation, Figure 7.9 for 45˚ north wind orientation and Figure 7.10 for 
90˚ north wind orientation (Figure 7.8, 7.9 and 7.10). The zigzag trend seen in 
all the analyses is due to the combined VR results for both geometric height (H) 
and width (W) variation configurations’ cases combined whereby in each of 
their own systematic variation, other morphological variables may come into 
play to affect the VR results differently. But nevertheless, the overall 











Figure 7.8: Predicted VR for point blocks (a) and (b); and slab blocks (c) and (d) at 












Figure 7.9: Predicted VR for point blocks (a) and (b); and slab blocks (c) and (d) at 












Figure 7.10: Predicted VR for point blocks (a) and (b); and slab blocks (c) and (d) at 
pedestrian and mid-level for various values of GEO at 90˚ north wind orientation 
 
 
From the above sensitivity study, we can see that with each increase of 
permeability (P = 0.010), there will be an increase in VR of about 0.01, which 
is equivalent to about 0.06m/s in wind speed.  
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7.3.3 HV Study 
 
(A) Point Blocks 
The effects on VR from the increase in HV at zero permeability are as shown 
in Figure 7.11 for point blocks (Figure 7.11). The increase in HV affects BS, 
GEO and STAG. But since the effects are not progressive with progressive 
increase in HV, we cannot conclude from this sensitivity study of HV that 
these morphological indices will follow a certain trend with an increase in HV 
to further affect the VR to move in certain increasing or decreasing direction. 
The decreasing trend at pedestrian level and the increasing trend at mid-levels 
are predominantly affected by the increase in HV itself. The trends in VR for 
HV increase are different for both the pedestrian and mid-levels. Varying the 
height of buildings is more beneficial to the upper levels than lower levels. 
This reason is when HV is large, higher variation in building heights will 
cause wind flow to become highly turbulent and erratic. This resulted in upper 
levels winds not being able to reach pedestrian levels and also counter-rotating 
vortices may form at lower levels that further lower the VR values. This 
situation is more beneficial for upper mid-levels where the wind turbulence 
will help to increase ventilation at this area (increasing VR).  
 
Due to the equally large number of canyons at both transverse directions in the 
precinct, the readings among the different wind orientations do not differ very 
much. The VR values for mid-levels are generally higher than those from 
pedestrian levels and random configuration readings are slightly higher than 










Figure 7.11: Predicted VR for point blocks for random ((a) and (b)) and stratified ((c) 
and (d)) configurations at pedestrian and mid-levels for various values of HV 
 
 
(B) Slab Blocks 
The effects on VR from the increase in HV at zero permeability are as shown 
in Figure 7.12 for slab blocks (Figures 7.12). The decreasing trend at 
pedestrian level and the increasing trend at mid-levels are similar to the point 
block cases and the reasons behind this are also similar to the point blocks as 
mentioned-above.  
 
For the different wind orientations, winds from 67.5˚ north and 90˚ north gives 
the best overall VR compared to the rest because there is more number of 
canyons in place compared to the extreme case of 0˚ north winds that have 
more massive wall surfaces facing the wind. For winds coming from 67.5˚ 
north at pedestrian level, they are slightly higher in VR than those from 90˚ 
north orientation. The reasons are the same as for the cases of GBCR and 
GEO cases as mentioned in Section 7.3.1 and 7.3.2, respectively. Generally, 
the area-averaged VR readings for mid-level are higher than those for 




We also noticed that for mid-level VR readings, the increase is not perpetual as 
up to a certain level at around HV = 31.86, VR readings decrease with further 
increase in HV. The problem of leeward blockage as mentioned in the 
literature review on Chapter 2 in Section 2.3.2.1(B) starts to sink in. The 
overly increase in HV may create more areas within the precinct where overly-
tall leeward buildings totally block off wind flow. Buildings which are further 
in the precinct will not be able to receive ample wind flow with overly-tall 
buildings in front of them towards the wind direction.  This problem affects 
the slab block more than the point blocks due to their higher massive wall 
areas which has higher tendency to create leeward blockage problems.  
 






Figure 7.12: Predicted VR for slab blocks for random ((a) and (b)) and stratified ((c) 
and (d)) configurations at pedestrian and mid-levels for various values of HV 
 
 
 (C) Permeability Effects 
The inclusion of permeability for the various HV cases helps to progressively 
increase the VR readings as shown in Figure 7.13 for 0˚ north wind orientation, 
Figure 7.14 for 45˚ north wind orientation and Figure 7.15 for 90˚ north wind 



















Figure 7.13: Predicted VR for point blocks (a), (b), (c) and (d); and slab blocks (e), (f), 
(g) and (h) at pedestrian and mid-level for various values of HV for random and 






















Figure 7.14: Predicted VR for point blocks (a), (b), (c) and (d); and slab blocks (e), (f), 
(g) and (h) at pedestrian and mid-level for various values of HV for random and 



















Figure 7.15: Predicted VR for point blocks (a), (b), (c) and (d); and slab blocks (e), (f), 
(g) and (h) at pedestrian and mid-level for various values of HV for random and 





From the above sensitivity study, we can see that with each increase of 
permeability (P = 0.010), there will be an increase in VR of about 0.01, which 




The sensitivity analyses have shown the performance of the Wind Velocity 
Ratio (VR) models in relation their independent variables. The relationship 
between the different morphological variables acting together to influence the 
overall precinct ventilation, has been well-demonstrated by both the pedestrian 
level and mid-level models.  Urban planners can make use of these models as 
a guide in their future planning, so as to minimize the negative impacts of poor 
ventilation as a result of their designs.  
 
As demonstrated from this study, increasing building heights do not always 
produce negative ventilation effects. As we can see from the sensitivity study 
of GEO, the increase in building height produces wind channeling effects that 
increases VR, provided that the canyon width is not too narrow. Next, the 
increase in HV is more beneficial to upper mid-levels than pedestrian levels. 
But the problem at pedestrian level can be mitigated by the improving PERM 
in terms of the increase in number and height of void decks or sky gardens, so 
as to bring ventilation to a desired level. Furthermore, the overly reliance on 
height variation to improve mid-height ventilation can backfire if HV becomes 
too large, so as to create leeward blockage problems, especially for buildings 
with massive wall surfaces like slab blocks. As for GBCR cases, if there is a 
necessity to have more buildings within a precinct, ventilation problems 
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associated with increased roughness and blockages can be mitigated to a 
certain level by increasing PERM in the form of void decks and sky gardens 
too. Therefore, urban planners should be able to find the optimum design by 
selecting suitable variables that meet the design objectives and the same time 























CHAPTER 8 : MODELS APPLICATION AND VALIDATION 
 
8.1 Introduction  
 
The objectives of this chapter are to validate and demonstrate the application 
of Wind Velocity Ratio (VR) prediction models in evaluating a newly 




To achieve the above-mentioned objectives, the Wind Velocity Ratio (VR) 
prediction models will be used to evaluate a newly proposed hypothetical 
HDB precinct at the initial design stage, of which actual construction works 
have not started yet. The proposed new precinct will consist of mostly slab 
blocks, a few point blocks and multi-storey car parks to service car owners 
living within the precinct. A few possible proposals have been drawn up for 
full consideration of their merits and most importantly, their ventilation 
potential for the entire estate. In our study here, a base proposal will be put up 
and apart from this base case, other alternative case study scenarios will also 
be considered to find out how they will affect the overall precinct ventilation 
when compared to the base case. These proposed scenarios are as follows: 
• Increase in building height of all the HDB blocks, including the car 
parks. 
• Increase the height of the ground floor void decks of all the HDB 
blocks. 
• Decrease the spacing between all HDB blocks, including the car parks. 
The details of the studies are as reported in the following sections. 
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8.2.1 Base Case Study 
 
The proposed new precinct for the base study consists of mostly slab blocks, 
four point blocks (pink in color) in the middle of the precinct and two multi-
storey car parks. Figure 8.1 shows the plan view of the proposed precinct and 
Figure 8.2 shows the 3D perspective view (Figure 8.1 and 8.2). The basic 
information of this base design proposal is shown in Table 8.1 (Table 8.1). In 
subsequent alternative proposals, some of these quantities will be varied in 
order to compare which are the most viable options in terms of overall 
precinct ventilation improvement. Basically the cross-sectional footprint area 
of each individual HDB block and car park within the precinct will remain the 




Figure 8.1: Proposed HDB precinct base design layout plan; point blocks are 
highlighted in pink 
 
 
Car park 1 
Car park 2 
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According to the current mandatory design requirements of HDB, the floor to 
floor height for the ground floor void deck shall be of minimum of 3.6m high. 
For the typical storey of an apartment block, the floor to floor height shall be 
of minimum of 2.8m high. Tiled roof which are mostly pitched are not 
encouraged for HDB buildings above five storeys to avoid any unforeseen 
incident such as falling objects, likewise for metal-pitched roof to avoid 
unnecessary unforeseen incidents such as flying roof (HDB, 2004); hence, all 
of the blocks in this base proposed design are to be constructed flat-roofed.  
 
 















8.2.2 Increase in Building Height 
 
The second scenario consists of an increase in building height of all the HDB 
blocks, including the car parks. This proposal will be able to accommodate a 
higher number of residents (subject to development and demographics control 
for the particular area); hence, more car parks are required as well. The plan 
view of this alternative proposal is similar to the base case scenario and Figure 
8.3 shows the 3D perspective view of this second proposal (Figure 8.3). The 
basic information of this alternative design with higher building heights is 
shown in Table 8.2 (Table 8.2). The quantities that were highlighted in yellow 
differ from those of the base case. Basically the cross-sectional footprint area 
of each and every HDB block within the precinct will remain the same as the 















Table 8.2: Basic information about the proposed alternative HDB precinct design 






8.2.3 Increase in Void Deck Height 
 
The third scenario consists of an increase in height of all the void decks at 
ground level, excluding the car parks. This objective of this proposal is to 
improve the overall ventilation by allowing more wind flow to reach the 
interior parts of the precinct through the increase of permeability. The plan 
view of this alternative proposal is similar to the base case scenario and Figure 
8.4 shows the 3D perspective view of this third proposal (Figure 8.4). The 
basic information of this alternative design with higher ground floor void 
decks is shown in Table 8.3 (Table 8.3). The quantities that were highlighted 
in yellow differ from those of the base case. Basically the cross-sectional 
footprint area of each and every HDB block within the precinct will remain 





Figure 8.4: Perspective view of proposed HDB precinct alternative design with higher 




Table 8.3: Basic information about the proposed alternative HDB precinct design 





8.2.4 Decrease in Spacing between the Blocks 
 
The fourth scenario consists of a decrease in spacing between all the blocks, 
including the car parks. This objective of this proposal is to see if a decrease in 
canyon width between the buildings will affect the wind flow up to which 
level. If the effect is not significant, planners might consider it as a space 
saving option whereby additional HDB blocks within the precinct might be 
considered. The plan view of this alternative proposal is different from the 
base case scenario due to the narrower canyon spaces and is shown in Figure 




proposal (Figure 8.6). The basic information of this alternative design with 
narrower canyon spaces is shown in Table 8.4 (Table 8.4). The quantities that 
were highlighted in yellow differ from those of the base case. Basically the 
cross-sectional footprint area of each and every HDB block within the precinct 
will remain the same as the base case scenario.  
 
 
Figure 8.5: Proposed HDB precinct design layout plan with narrower spacing 





Figure 8.6: Perspective view of proposed HDB precinct alternative design with 
narrower spacing (canyons) between the blocks 




Table 8.4: Basic information about the proposed alternative HDB precinct design 





8.3 Mapping of Morphological Quantities 
 
The mapping of morphological quantities for the base case scenario will be 
explained briefly in this section for better appreciation of its use. The same 
techniques are applicable for mapping of other scenarios as well. Some of the 
rules to determine the mid-level in situations where you encounter a mixture 
of point and slab blocks are as follows: 
• If there are a high proportion of slab blocks within the precinct, we use 
25m. Likewise for point blocks, we use 56m. E.g. 80% and above for 
each type.  
• If there is an obvious mixture of point and slab blocks, we will prorate 
the proportion of block types and work out the height in between 25m 
and 56m.  
 
The mid-level that is used in this base study here is 25m, following the 
parametric study for slab blocks. This is due to the base case having a much 
higher number of slabs than point blocks, which otherwise, the mid-height will 
be pro-rated (between 25m and 56m) based on the percentage of point or slab 
blocks within the precinct.  Furthermore, the average heights of all the 
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buildings within the precinct is around 44.47m which is smaller than the 
parametric study for point blocks at mid-level which is 56m. Next, as we do 
not have the exact layout of the columns at ground level void decks, we do a 
simple assumption that each oblong column is around 2.00m by 1.00m with 




The morphological index that is used to quantify this variable within the 









(dimensionless), where Li is the length of the linear segment i, and θi is the 
angle between the given azimuth (of flow) and the azimuth of linear segment i. 
It is the summation of all unobstructed linear canyon segments e.g. main 
streets and breezeways, relative to the wind direction and indicates the degree 
of wind penetration into the whole precinct. Figure 8.7 shows the plan view of 
the base case scenario where the red double arrows indicate the length of the 
linear segments of unobstructed main canyons or breezeways (flanked by 
building walls on both sides) where wind can flow from end of the precinct to 
another end (Figure 8.7). Each linear segment will be factored a wind flow 
angle (θ) between the azimuth of flow and azimuth of linear segment, which 
suggests the strength of the wind flow relative to the angle to the canyon 
direction. E.g. those linear canyons that are perpendicular to the wind direction 
i.e. 90˚ will be considered to have zero influence and do not contribute to the 




Building Shape (BS) 
 
The morphological index that is used to quantify Building Shape is the 
Compacity Factor (CF) whereby
ildingvolumeofbu
pedingenveloareaofbuilCF ∑=  (m-1). It is a 
summation of all the buildings’ surface areas over their building volumes. The 
surface area of the building envelope refers of all the external vertical wall 
area, the roof (top) and ground floor area (bottom). The building volume is 
simply the section area of the building multiplied by the building height. The 
CF is more concerned about the general external form of a building and do not 
take into account of any surface architectural details like windows and 
porosity elements like void decks and sky gardens.  
 
Gross Building Coverage Ratio (GBCR) 
 
The morphological index that is used to quantify the ground floor area 
occupied by buildings to a given precinct area is the Gross Building 





∑=λ (dimensionless). The precinct area 
(denominator of the GBCR index) is the outline enclosure of the whole 
precinct i.e. in this base case it is about 392m by 325m. Hence, the results 
from the Wind Velocity Ratio (VR) models will apply solely within this 








Figure 8.7: Plan view of proposed HDB precinct base design indicating the 





Figure 8.8: Plan view of proposed HDB precinct base design indicating the perimeter 












The morphological index that is used to quantify Geometry (GEO) is the 
Maximum Hydraulic Diameter (HDMax), which is defined as the summation 
of all the largest hydraulic diameter (HD) of individual outdoor grid space, 
that are each area-weighted over the whole given precinct area. The HDMax 
can be worked out using the following relation:  
HDMax = ∑ [(Largest HD of Area i)*(% of Area i in Precinct)]    (m) 
 
HD is the hydraulic diameter of the studied area HD = 2HW/ (H+W) found 
within the precinct, where H = average height of both the upwind and 
downwind buildings on both sides of an open space or canyon, W = horizontal 
distance (or canyon width) between the buildings. The calculation of HD is 
performed along linear traverses across the precinct at different angles for 
each pair of adjacent elements in a building array, of which the largest HD 
value is selected.  
 
Figure 8.9 shows the canyon areas that are not covered by the buildings’ 
footprint, highlighted in different colors to identify the individual outdoor grid 
space (Figure 8.9). The numbers on top of the block indicated the buildings’ 
individual height. Single hashed lines means that the area is affected by one 
pair of upwind and downwind buildings. Double hashed lines means that the 
area is affect by two pairs of upwind and downwind buildings. The larger 
hydraulic diameter (HD) worked out from both transverse directions are used 
to work out the HDMax. Those uncolored areas within the perimeter outline will 
be considered as ‘empty’ non-canyon spaces and be subjected to the highest 
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HD whereby the longer side of the perimeter enclosure i.e. 392m and the 






Figure 8.9: Plan view of proposed HDB precinct base design indicating the perimeter 






The morphological index that is used to quantify Permeability (PERM) is the 
Permeability (PERM) index proposed by the author is as follows:  
 





within all the buildings 
in the precinct 
Total volume of all the 






(cos θi)2 is the Sinuosity (Si) factor. It is defined as the summation of 
continuous pore space i, perpendicular to or an angle to wind direction, 
describing the corridor for wind flow within the building itself.  
 
Li = length of the linear segment i (within the building) 
θi = the angle between the given azimuth (of wind flow) and the azimuth of 
linear segment i.  
HD = hydraulic diameter of the cross-section area of the opening of 
continuous pore space i (within the building), which can be described as HD = 
2HW/ (H+W) where: 
H = average height of the opening 
W = average width of the opening.  
 
But in situations whereby porosity occurring on all the four walls of a building 
(e.g. HDB void decks or sky gardens) instead of a continuous pore space 
opening at the front and end only, the opening at the longer side of the 
building is treated as the width (W) to work out the HD, together with the 
height (H) of the pore space. The shorter side of the building will be treated as 
the length of the linear pore space (L). In this case the Sinuosity (Si) factor can 
be considered as one unit as the four sides of the wall are open for wind to 
flow in unrestricted. Refer to Section 3.2.1.5 for more details.  
 
Building Height Variation (HV) 
 
The morphological index that is used to quantify the Building Height 
Variation (HV) index is simply the standard deviation of the height variation 
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for all the high-rise buildings within the estate (precinct). The index is 











Where Have is the average height of all the buildings within the precinct, Hi is 
the height of each individual building and N is the number of buildings in the 
precinct. In the base case study here, all the building heights, including the car 
parks, will be used to work out the standard deviation of the HV index.  
 
Staggering of Blocks Arrangement (STAG) 
 
The morphological index that is used to quantify the Staggering of Blocks 
Arrangement (STAG) index is the Frontal Area Ratio Index (Afront):  
  ( )[ ] reaTOTALwallaafrontalareinifront AAA /,1=∑=   
 
Frontal Area Ratio Index (Afront) is defined as the summation of all 
buildings’ frontal areas that face the wind direction normally, over the total 
vertical wall area of all buildings within the given site or precinct area.  
Ai,frontal area = frontal area of each building i that faces the wind direction 
normally 
ATOTALwallarea = total wall area of all the buildings within the given site area 
 
Figure 8.10 shows the how the frontal area ratio is calculated. The numbers 
indicated the height of each individual block (Figure 8.10). The red color lines 
indicated the building perimeter that faces the wind direction normally without 
being blocked. For those taller buildings that are behind the frontal buildings 
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towards the wind direction i.e. point blocks that are taller than slab blocks, the 
top portion of wall areas that are not blocked by the slab blocks will be used to 



























Figure 8.10: Plan view of proposed HDB precinct base design indicating the building 
perimeter that faces the wind direction normally without being blocked (red) for wind 




8.4 Results and Discussion 
 
Base case 
Figure 8.11 shows the comparison of the VR values from the numerical study 
(blue) and values predicted by the models (red) for both the pedestrian and 
mid-levels (Figure 8.11). The differences between the two set of readings are 
averaged at around 0.01 approximately, which translates to around 0.06m/s in 
velocity magnitude. This is considered to be fairly close for both the actual 
and predicted readings. Next, we can see from the results here that readings 
for the 0˚ north orientation, which has more unobstructed canyons parallel to 
the wind orientation, has higher VR values compared to that of 90˚ north 




than those of pedestrian level. Figure 8.12 shows the velocity magnitude scalar 
diagrams at both pedestrian and mid-levels for winds from 0˚ north orientation 
(Figure 8.12). We can see that the channeling effects at mid-level along the 
main unobstructed canyons are stronger compared to pedestrian level, 
especially for wind orientations that are parallel to the canyons. The ground 
level void decks are useful as they allow wind to flow further into the precinct 




Figure 8.11: Comparison of VR readings for base case scenario at (a) pedestrian level 





Figure 8.12: Velocity magnitude scalar diagrams for base case scenario at (a) 
pedestrian level and (b) mid-level for 0˚ north wind orientation 
 
 
Increase in Building Height 
Figure 8.13 shows the comparison of the VR values from the numerical study 
(blue) and values predicted by the models (red) for both the pedestrian and 





averaged at around 0.01 approximately, which translates to around 0.06m/s in 
velocity magnitude. This is considered to be fairly close again for both the 
actual and predicted readings. Next, similar to the base scenario, readings for 
the 0˚ north orientation, which has more unobstructed main canyons parallel to 
the wind, has higher VR values compared to that of 90˚ north orientation. At 
the same time, we also noticed that mid-level readings are higher than those of 
pedestrian level.  
 
When we compare the VR readings for building height increase scenario with 
the base case scenario, the former one show only a slight average 
improvement in VR values of about 0.01 for the pedestrian level, whereas for 
mid-level, the average improvement is higher of about 0.03. The increase in 
building heights (increase in GEO) in this case, leads to an increase in 
channeling effects where wind speeds are higher compared to the base 
scenario. The presence of the void decks at ground level might have narrow 
down the differences between these two scenarios at ground level; whereas for 
the mid-level, there are no sky gardens to achieve that. In other words, the 
void decks in the base case help to improve the ventilation potential first even 
before there are any channeling effects from the increase in building height. 
The comparison shows us that the presence of the void decks can actually help 
to mitigate any ventilation issues that may arise, especially for situations 
where we have lesser main canyons parallel to the wind direction (higher 
degree of blockage within the precinct where the channeling effects are too 
small to be effective). But we also need to take note that this option should not 
be exercised at an ‘overly narrow’ canyon which will cause an overly 
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reduction in hydraulic diameter; hence reducing the mass flow rate of the wind 
into a precinct.  
 
Figure 8.14 shows the velocity magnitude scalar diagrams at both pedestrian 
and mid-levels for 0˚ north orientation wind in the increase in building height 
scenario (Figure 8.14). When this is compared to the base case scenario at 
these two levels, we can see that the former scenario seems to possess more 
channeling effects of the wind due to the taller buildings which also serves to 
increase the GEO index due to the increase in hydraulic diameter of the 
















Figure 8.13: Comparison of VR readings for increase in building height case scenario 







Figure 8.14: Velocity magnitude scalar diagrams for the increase in building height 
scenario at (a) pedestrian level and (b) mid-level for 0˚ north wind orientation 
 
 
Increase in Void Deck Height 
Figure 8.15 shows the comparison of the VR values from the numerical study 
(blue) and values predicted by the models (red) for both the pedestrian and 
mid-levels (Figure 8.15). The differences between the two set of readings are 





velocity magnitude. This is considered to be fairly close again for both the 
actual and predicted readings. Next, similar to the base scenario, readings for 
the 0˚ north orientation, which has more unobstructed canyons parallel to the 
wind, has higher VR values compared to that of 90˚ north orientation. At the 
same time, we also noticed that mid-level readings are higher than those of 
pedestrian level.  
 
When we compare the VR readings for void deck height increase scenario with 
the base case scenario, the increase in void deck height scenario shows an 
average increase in VR values of about 0.015 and 0.01 for both the pedestrian 
and mid-levels, respectively. The increase in void decks’ height (increase in 
PERM) in this case leads only to a slight increase in wind flow into the 
precinct. It is considered that perhaps a higher void deck may further help to 
improve the ventilation levels. But over exercising this option will lead to 
lesser residential units being available for residents within the estate if there is 
a height limitation around the area. Hence, the decision to provide more 
permeability within a precinct has to be balanced with economics 
consideration as well.  
 
Figure 8.16 shows the velocity magnitude scalar diagrams at both pedestrian 
and mid-levels for 0˚ north orientation wind in the increase in void decks 
height scenario (Figure 8.16). When this is compared to the base case 
scenarios at these two levels, we can see that the increase in wind flow is a 
little more significant at the ground level. For the mid-level, the increase in 
wind flow is not so obvious and this might be due to the lack of porosity at 
mid-levels. The increase in wind flow at the ground level does not improve the 
342 
 
mid-level ventilation significantly and perhaps sky gardens should be 
considered if there is any necessity to improve ventilation at mid-levels. 
 
 (a)  
(b)  
 
Figure 8.15: Comparison of VR readings for increase in void deck height case 







Figure 8.16: Velocity magnitude scalar diagrams for the increase in void decks height 
scenario at (a) pedestrian level and (b) mid-level for 0˚ north wind orientation 
 
 
Decrease in Spacing between the Blocks 
Figure 8.17 shows the comparison of the VR values from the numerical study 
(blue) and values predicted by the models (red) for both the pedestrian and 
mid-levels (Figure 8.17). The differences between the two set of readings are 
averaged at around 0.01 approximately, which translates to around 0.06m/s in 





actual and predicted readings. Next, similar to the base scenario again, 
readings for the 0˚ north orientation, which has more unobstructed canyons 
parallel to the wind, has higher VR values compared to that of 90˚ north 
orientation. At the same time, we also noticed that mid-level readings are 
higher than those of pedestrian level.  
 
When we compare the VR readings for decrease in blocks spacing scenario 
with the base case scenario, the decrease in spacing between the blocks 
scenario shows an average decrease in VR values of less than 0.01 for both the 
pedestrian and mid-levels which is not really a significant decrease. At the 
pedestrian level, the presence of void decks which allow more wind to flow 
into the precinct tends to further narrow down any differences between the two 
different scenarios. The higher turbulence at mid-level tends to ‘mask’ away 
any slight differences between the readings as well. It seems to show that the 
decrease in spacing of about 5m do not really lower down the VR readings 
which means that the additional areas at a given precinct could be used for 
communal facilities or to build additional HDB blocks subject to 
developmental controls.  
 
Figure 8.18 shows the velocity magnitude scalar diagrams at both pedestrian 
and mid-levels for 0˚ north orientation wind in the decrease in spacing 
between blocks scenario (Figure 8.18). When this is compared to the base case 
scenarios at these two levels, there are not many differences in the distribution 
of velocity magnitude values. In general, the 5m decrease in all canyon widths 




 (a)  
(b)  
 
Figure 8.17: Comparison of VR readings for decrease in spacing between blocks case 






 (a)  
(b)  
Figure 8.18: Velocity magnitude scalar diagrams for the decrease in spacing between 
blocks scenario at (a) pedestrian level and (b) mid-level for 0˚ north wind orientation 
 
 
8.5 Actual Case Study 
 
The following case study is an actual HDB precinct plan that is situated in 
Punggol, known as C40, during the initial planning stage. The government has 
plans to develop Punggol into an iconic 21st century waterfront town which 





The town can be accessed by Tampines Expressway (TPE), Punggol MRT 
(Mass Rapid Transit) station and 14 other LRT (Light Rail Transit) stations. 
Out of the 957 hectares (ha) of the total land area, some 422ha will be set 
aside for residential use, with the remaining 535ha designated for other uses, 
including transportation networks, schools, commercial and religious purposes 
(The Straits Times, 2012).  
 
The existing Punggol town plan is shown in Figure 8.19 and the red arrow 
indicates the proposed location of C40 precinct about the size of 310m by 
190m approximately (Figure 8.19). Figure 8.20 shows a closed-up view of the 
C40 location and Figure 8.21 shows the 3D perspective view of the precinct 
design (Figure 8.20 and 8.21).  
 
 











Figure 8.21: Proposed C40 perspective view 
 
 
The plan view of C40 is shown in Figure 8.22 (Figure 8.22). The main 
purpose of the parametric study done in Chapter 5 is to develop models which 
can be used during the initial design stage whereby basic block designs were 
arranged, while taking into account of the seven morphological variables’ 
design principles. The morphological variables are mapped into the VR models 
and these models are able to give a rough indication on whether this initial 
‘basic’ design is sound compared to the other proposals, without the 
complications that come from the use of CFD. The best design with the 
highest VR will be selected among the few proposed basic block designs. For 
349 
 
example in Figure 8.23, the initial design of C40 can be broken down in a few 
main blocks and the morphological variables are mapped and input into the VR 
models (Figure 8.23). Assuming that this is the best basic initial design among 
all proposals, more complicated design features like covolutions, recesses, 
connectors that connect a few blocks to form L-shaped and U-shaped blocks, 
etc. can then be added in the next stage with consideration of their 
morphological effects on VR (Figure 8.24). The final resultant effects can then 
be analysed by CFD simulation of these ‘new add-on or extra-over’ designs to 
identify if there are any problem areas e.g. wind stagnation due to blockages. 
This method is much better than looking at many complicated designs right 
from the start and not being able to figure out which of them has the best basic 
arrangement due to presence of too much noise and distraction from those 
additional complicated features. Furthermore, there is no need to do CFD 
simulations on all the proposed designs. 
 
 










(a)   (b)  
 
(c)   (d)  
Figure 8.24: Extra-over designs like (a) recess within a block, (b) connectors between 





The application of both the pedestrian and mid-level Wind Velocity Ratio (VR) 
models has demonstrated the ability of these models in giving rough 
prediction of area-averaged VR based on an initial urban base design plan 
proposal of an upcoming HDB precinct. All the independent morphological 
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variables were mapped, using a combination of GIS and Excel to extract and 
work out the quantities before inputting them into these models to get the 
predicted VR values. Apart from the base design, alternative design variations 
like building heights increase (increase GEO), ground level void deck height 
increase (increase PERM) and decrease in spacing between the HDB blocks 
(decrease GEO) were also studied to find out how these will affect the base 
design. This is important because as the Singapore’s population increases, 
there is a real necessity to increase the number of apartment units over a given 
precinct area through building height increase and narrowing the spacing 
between buildings. Porosity increase in the form of increased ground level 
void decks is one possible way to provide more ventilation to deeper locations 
in a precinct.  
 
From the study, the increase in building height of all HDB blocks resulted in 
some small increase in VR for both the pedestrian and mid-levels, compared to 
the base scenario, due to the increase in channeling effects. But the increase in 
VR is not very much especially that at pedestrian level compared to the mid-
level. The presence of ground level void decks might have narrowed down the 
differences whereby it helped to improve ventilation first even before any 
channeling effects occurs from the height increase. The presence of higher 
void decks or maybe inclusion of sky gardens can help to improve precinct 
ventilation. But an area of caution to take note is that height increase should 
not be exercised at an ‘overly narrow’ canyons which leads to an overly 
reduction in hydraulic diameter; hence the reduction of mass flow rate of the 




In the increase of void deck height scenario, the increase in VR values from the 
base case is not very significant at both the pedestrian and mid-levels. It is 
considered that perhaps we need a much higher void deck or an additional sky 
garden to achieve a more significant improvement in ventilation. But the over-
exercising of this option will reduce the number of apartment units available 
especially if there is a height limit in the particular area.  
 
In the decrease in blocks spacing scenario, the decrease in VR values from the 
base case is not very significant for both the pedestrian and mid-levels. At the 
pedestrian level, the presence of the void decks which allow more ventilation 
into the precinct tends to further narrow down any differences between the two 
scenarios. At mid-level, the higher turbulence might ‘mask’ any differences 
between the readings as well. The decrease of 5m in canyon widths does not 
really lower the VR readings too much here; it means that the additional areas 
at a given precinct could be used for communal facilities or to build additional 
HDB blocks subject to developmental controls.  
 
The use of the models to handle more complicated and newer HDB designs 
was also illustrated with a real example of Punggol C40 precinct, whereby the 
initial analysis begins with the arrangement of basic block designs, while 
taking into account of the seven morphological variables’ design principles. 
From this most viable initial basic design, it was later developed into a more 
complicated one with additional features, again considering the effects it can 
have on the seven basic morphological variables. The final effect is evaluated 
by running a CFD analysis. This is much better than doing a CFD simulation 
on all the initial design proposals.  
353 
 
In conclusion, the Wind Velocity Ratio (VR) prediction models, when used 
with any mapping tool e.g. GIS and Excel, to extract the morphological 
variables, have the ability to predict with fair accuracy the overall ventilation 
potential within a given precinct area. Preliminary urban planning can be done 
with the planning rules and regulations in mind, and then necessary 
modifications to the original design by variation of any morphologic variables 
can be considered to improve the ventilation potential of the precinct, while 
still adhering to the stipulated design objectives. This application of the 
models in this chapter also helps to validate the degree of their predictive 























CHAPTER 9 : CONCLUSION   
 
9.1 Background Study of Singapore Urban Development 
 
The trend in urban population increase due to urban development has led to 
many economic, social, energy and environment problems. One that stands out 
the most is an increased in demand for housing. The population of Singapore 
has increased steadily over the years starting from independence at year 1965. 
The current population (Singaporeans, permanent residents and non-residents) 
is around 5.31 million and is set to increase further with a projected annual 
population growth of 2.5%, all these within a total land area of 714.3km2 
(mainland and all islands, inclusive of reclaimed land) (Department of 
Statistics Singapore 2012). The latest target by the Singapore government is to 
increase the population to 6.9 million by 2030 with Singaporeans expected to 
make up a little more than half or 55% of the projected population. After 
setting aside land for the necessary infrastructure like airports, ports, sewage 
treatment plants and water catchments, the planners are left with no more than 
50% of the land to use for homes, offices, factories, roads, parks and schools. 
This is problematic for HDB public housing which currently accommodates 
approximately 80% of Singapore’s population (Associated Press 2007). 
Therefore, there is a need to utilize land for public housing more efficiently in 
future for long-term overall development needs.  
 
Previous researches point out that urban geometry and thermal properties of 
urban surfaces are the two main parameters in influencing urban climate in 
terms of the amount of radiation exchange with the surroundings and also 
affecting the wind speed and flow patterns too (Oke 1987). If there are no 
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proper development controls, physical problems like higher change in heat 
balance, higher air temperature and lower airflow may occur (Santamouris 
2001). The reduced turbulent transfer of heat within the streets due to decrease 
in wind speeds, is one of the major causes of UHI problems, in addition to 
others like decreased outdoor ventilation, increased outdoor pollutant 
concentration and poor thermal comfort conditions. One good way to improve 
these situations is to go for urban morphological designs that maximize the 
benefits of increased ventilation. According to Oke, 70~80% of daytime 
radiant energy surplus within urban canyons is dissipated to air through 
turbulent transfer (Oke 1987). The balance 20~30% is stored and released in 
the night. There is a need to develop simple and user-friendly design-cum-
assessment tools which can provide designers and planners with useful 
quantified information on various design strategies, so as to optimize good 
designs at a very early stage of planning. So far, there are no comprehensive 
researches done to quantify the real impact of all design-related morphological 
variables on outdoor ventilation and comfort for HDB estates in tropical 
Singapore.  
 
Currently, HDB has some building guidelines for public housing development, 
which are mostly of qualitative nature. The spacing between the HDB blocks 
is generally determined based on relationships relative to the storey height of 
buildings (wider spacing required between taller buildings), overlapping 
distance between buildings (wider spacing required for larger overlap) and the 
façade relationships between two adjacent buildings (wider spacing for 
facades with openings). However, there are no quantitative guidelines that 
explicitly state or work out the spacing between the blocks. In terms of blocks 
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orientation, the emphasis is more on the effects of solar radiation which is 
quantified by the Solar Radiation Index (R) that computes the ‘average’ 
orientation of all the blocks within the development. There are no explanations 
on which principles the guidelines are based on and also no mention on any set 
of guidelines pertaining specifically to ventilation optimization. The 
relationship between an urban design and its propensity to mitigate ventilation 
problems has not been well-researched. There is a need to optimize good 
designs at a very early stage in project planning by development of climate-
sensitive, simple and user-friendly design-cum-assessment tools that will 
provide quantified information on the effectiveness of different design 
strategies in the provision of desired ventilation and comfort levels for outdoor 
spaces.  
 
9.2 Urban Morphological Indices Development 
 
A throughout literature review that was done revealed that there are basically 
seven main urban morphological variables that determine natural outdoor 
ventilation within a given precinct or estate area. They are Orientation 
(ORIENT), Building Shape (BS), Geometry (GEO), Gross Building Coverage 
Ratio (GBCR), Buildings’ Height Variation (HV), Permeability (PERM) and 
Staggering of Blocks Arrangement (STAG). In this research, a comprehensive 
parametric numerical study approach is adopted, whereby the effects of all the 
above-mentioned morphological variables on area-averaged outdoor 
ventilation within an estate, are studied. Such systematic studies are much too 
difficult to be realized in field studies and relatively costly in wind tunnels, 
hence CFD simulations offer an appealing alternative. The CFD software that 
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is used in this study is Star-CCM+ from CD-Adapco and a wind tunnel test 
was carried out to validate the accuracy level of this software first before using 
it  in all the simulation study cases. 
 
Numerical study is carried out to simulate the conditions of a typical HDB 
high-rise residential housing estate in Singapore of typical size at 
approximately 500 × 500m, used as the base case standard, except for some 
geometric width variation cases (GEO) and staggering of building blocks 
(STAG) cases. The power-law wind profile that is used as the input boundary 
condition was generated, based on the velocities of the four prevailing wind 
directions, obtained from the NEA for a period of 18 years, averaged to a 
single value of 2.7m/s (at reference height of 15.00m) (BCA 2012). The area-
averaged outdoor velocity magnitude values were extracted at the pedestrian 
level (cut at a constrained horizontal plane at 2m above ground, within the 
precinct) and mid-level (mid horizontal level of the average height of all 
buildings within the precinct, following their respective base cases). For the 
point blocks, the mid-level is fixed at 56m above ground and for the slab 
blocks is fixed at 25m above ground level. The comprehensive parametric 
study that was done revealed that precinct-scale wind flow is affected by the 
systematic variation of all these morphological variables. Precinct-scale wind 
flow is quantified by the area-averaged Wind Velocity Ratio (VR), which is 
defined as the area-averaged wind velocity magnitude extracted at a study 
level over the wind velocity at top of the UBL that is not affected by ground 
roughness and other site features. Each of these variables affects estate level 
wind flow differently and supports development of the overall outdoor Wind 
Velocity Ratio (VR) models, which have important implications for future 
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building and urban planning development of HDB estates by planners and 
designers. In other words, morphological variables can be optimized for ample 
outdoor estate level ventilation and supports the first hypothesis on the 
correlation between building morphologies and area-averaged VR.  
 
The finalized seven morphological indices are as follows: 








θ  (Dimensionless)  
 





3. Geometry (GEO) – quantified by the Maximum Hydraulic Diameter 
HDMax = ∑ [(Largest HD of Area i)*(% of Area i in Precinct)]  (m) 
 







5. Permeability (PERM) – quantified by the Permeability Index PERM 




6. Buildings’ Height Variation (HV) – quantified by the standard 











7. Staggering of Blocks Arrangement (STAG) – quantified by the 
Frontal Area Ratio Index 
( )[ ] reaTOTALwallaafrontalareinifront AAA /,1=∑=  
(Dimensionless) 
 
Out of the 7 morphological variables, the Maximum Hydraulic Diamater 
(HDMax), the Permeability Index (PERM), standard deviation of all buildings’ 
height (HV) and Frontal Area Ratio Index (Afront) are new indices proposed by 
the thesis author.  
 
The parametric study has served two very important objectives:  
• Morphological indices development for quantification of 
morphological variables in urban designs – a form of standardization 
for future researches and designs. 
• Development of Wind Velocity Ratio (VR) model for future design and 
planning use in HDB estates layout designs – predicting average 
ventilation potential within an estate or precinct.  
 
9.3 Wind Velocity Ratio (VR) Models Validation and their Application 
 
The Wind Velocity Ratio (VR) models for both the pedestrian and mid-levels 
for the overall precinct or estate level were regressed from the urban 
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morphological predictors within a given precinct area, based on the general 
wind profile conditions of Singapore. It is written as follows:  
• For pedestrian level (2m):  
VR = 0.132 + 0.178(ORIENT) - 0.006(m) (BS)(m-1) + 0.001(m-1) 
(GEO)(m) - 0.043(GBCR) + 0.693(PERM) - 0.002(m-1) (HV)(m) + 
0.261(STAG) 
 R2 = 0.800, F = 375.461, Std. Error = 0.029 
• For mid-level:  
VR = 0.163 + 0.257(ORIENT) - 0.009(m) (BS)(m-1) + 0.001(m-1) 
(GEO)(m) - 0.069(GBCR) + 0.857(PERM) + 0.001(m-1) (HV)(m) + 
0.086(STAG) 
 R2 = 0.785, F = 329.889, Std. Error = 0.032 
 
The validation and application of the above-mentioned models was carried out 
through their application on a newly proposed hypothetical HDB precinct 
design and also the alternative variations to the base design. Alternative 
designs include the increase of buildings’ height, ground level void decks’ 
height increase and decrease in spacing between the HDB blocks. The whole 
process has successfully demonstrated their ability in giving reasonable 
estimates of VR when compared to the simulated numerical readings. These 
models when used with any mapping tool e.g. GIS and Excel, to extract the 
morphological variables’ quantities, have the ability to predict with fair 
accuracy the overall ventilation potential within a given precinct area. This 
helps to verify the second hypothesis. Preliminary urban planning according to 
the rules and regulations can be proposed, follow up by modifications to the 
361 
 
base design for any ventilation improvement. Next, the sensitivity analyses 
have also shown the performance of the prediction models in relation with 
their variables. 
 
9.4 General Guidelines for Estate Level Outdoor Ventilation 
Improvement 
 
All the objectives of this research that is stated in Chapter 1 had been fulfilled 
in this thesis. The whole research provides some useful knowledge and general 
design guidelines that can be converted to policies for HDB estates design and 
development. The emphasis of these guidelines helps us to resolve issues 
pertaining to estate level outdoor ventilation. Some of these are listed down as 
follows: 
1. HDB can put in an additional section in their building guidelines which 
pertains to estate level outdoor ventilation compliance and make it 
mandatory for all future estate development requirements.  
2. The morphological indices that are developed together with this 
parametric study can be used to quantify the urban form for future 
urban planning designs. These are treated as independent variables to 
be used as an input to the Wind Velocity Ratio (VR) models to predict 
their area-averaged estate outdoor ventilation potential during the 
preliminary design stage of real projects.  
3. Special software can be developed based on a standard GIS shell 
which the morphological variables can be measured off automatically 
during the design stage and input into the Wind Velocity Ratio (VR) 
prediction models to pinpoint design issues as the design develops. The 
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results will give a good indication of how the different indices, when 
combined during planning, will affect or influence the ventilation 
potential of the whole estate. A ventilation module can be added to into 
this software on top of other existing modules that target outdoor air 
temperature, thermal comfort, shadowing effects, weather conditions, 
etc to be part of an overall impact assessment of the whole 
development design. The analysis of outdoor ventilation and 
microclimate tendencies of an estate, inter-estate comparisons and 
modeling of climatic effects on future urban planning will all become 
very easy and convenient. Design problems can be pinpointed at early 
design stage before actual construction begins and also comparisons 
can be made between alternative proposals.  
4. The parametric study that leads to model development process has 
shown that by varying the different morphological variables, certain 
ventilation issues can be resolved to bring them to a desired level. E.g. 
poor ventilation due to blockages can be resolved by increasing 
permeability through void decks and sky gardens.  
5. Main wind flow canyons or breezeways should be kept clear as 
possible to avoid blockage of wind flow into the inner parts of precinct.  
6. The option to increase in buildings height must be carried out with 
canyons that are not too narrow as to reduce the mass flow rate of wind 




7. Height variation should not be too high as problems of leeward 
blockages may occur whereby the wind is completely blocked by the 
very much higher buildings.  
8. Staggering of buildings is beneficial as long as the canyons that are 
oblique or parallel to the wind orientations are not blocked and the 
ability of the canyons to maintain parallel walls adjacent to each other.  
9. At this moment, a preliminary benchmark proposed by Ng and Cheng 
is adopted. It stated that a steady mean wind at pedestrian level of 
around 0.9~1.3m/s will be beneficial for providing thermal relief and 
comfortable outdoor urban environment, under shade with air 
temperature of 27.9°C and a relative humidity of 80%, with a statistical 
probability of 50% median under macro wind availability (Ng and 
Cheng, 2012). This applies to other levels as well.  
 
9.5 Limitations and Suggestions for Future Research 
 
The limitations and suggestions for future research are listed as follows: 
1. Besides the seven urban morphological factors, there are many other 
factors that affect outdoor ventilation in urban environments (e.g. 
meteorological, anthropogenic, surrounding terrain, road traffic, solar 
radiation, etc.) (Section 2.3.2.2). In this research, it only focuses on 
urban morphological factors variation.  
2. The assessment of an environment involves many aspects (e.g. solar 
radiation, humidity, temperature, etc.). This research only focuses on 
developing models for outdoor ventilation potential. 
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3. Different wind speeds will result in different wind flow models due to 
their transient and turbulent nature. The research here will focus in 
modeling common wind speeds in Singapore (e.g. averaged at 2.7m/s at 
reference height of 15m). Thus the applicability of the model can only be 
applied within a certain range for the chosen wind speed studied. 
Prediction models for different countries with very different wind 
profiles can be developed using the same methodology outlined in this 
thesis and the morphology indices that were developed in this research 
can be used for mapping out the urban morphological quantities. 
4. The developed models are more suitable to be applied to a typical HDB 
estate size that is between around 320m by 320m to 740m by 740m plot 
size, not too small or too large from the base case of 500m by 500m. The 
parametric study that was done for GEO width variation consists of 
canyons that were narrower and wider than the base case of 20m, of 
which the constrained plane is based on the outline perimeter inclusive 
of all the buildings’ footprint and canyon spaces between the blocks. 
This is part of the basis of the models development.  
5. The Wind Velocity Ratio (VR) models can be developed into software 
that is able to map the morphological indices (that is developed from this 
study) from imported compatible CAD drawings and input these 
quantities direct into the models to come out with the overall ventilation 
potential within a precinct area. This ventilation software can also be 
merged with other software that calculates other environmental variables 
and finally able to come up with a holistic environmental analysis of the 
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Buildings’ Height   Defined as the standard deviation of the height  
Variation (HV)  variation for all the high-rise buildings within the 
    precinct or estate.  









 where Have is
    the average height (metres) of all the buildings 
    within the precinct, Hi is the height (metres) of each 
    individual building and N is the number of buildings 
    in the precinct.  
 
 
Building Shape (BS)  An urban morphological variable that is  quantified 
    by the Capacity Factor (CF).  
 
 
Compacity Factor (CF) Defined mathematically as
ildingvolumeofbu
pedingenveloareaofbuilC F ∑= . 
    It is a summation of all the buildings’ surface areas 
    (metres square) over their building volumes (metres 
    cube). The surface area of the building envelope  
    consists of all the vertical external wall area, the  
    roof (top) and ground floor area (bottom). The  
    building volume is simply the section area of the 
    building multiplied by the building height.  
 
 
Geometry (GEO)  An urban morphological variable that is quantified
    by the Maximum Hydraulic Diameter (HDMax). 
 
 
Maximum Hydraulic   Defined as the summation of all the largest hydraulic 
Diameter (HDMax)  diameter (HD) of individual outdoor grid space, that 
    are each area-weighted over the whole given precinct.  
 
    HDMax = ∑ [(Largest HD of Area i)*(% of Area i in Precinct)] 
     
    HD is the hydraulic diameter of the studied area HD 
    = 2HW/ (H+W) found within the precinct, where H 
    = average height (metres) of both the upwind and 
    downwind buildings on both sides of an open space 
    or canyon, W = horizontal distance (or canyon width) 
    between the buildings (metres). The calculation of 
    HD is performed along linear traverses at each grid 
    area by  selecting the largest value from the  
    superimposed matrices from the two traversal  
    directions. The HDMax is computed by using the  
    summation of area-weighted average of the spatial 
    distribution of the largest composite HD value from 
    each grid area.      
    Open areas and street intersections will be calculated 
    by using H as the average height of all the buildings 
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    within the estate and W as the largest dimension of 
    the whole estate (e.g. 500m for base case) to work 
    out the HD value. 
 
 
Gross Building Coverage The ratio between gross ground floor area of a 
Ratio (GBCR)   building to a given site area (land to building  
    footprint). It is defined mathematically as  




∑=λ , which is simply 
    the ground area covered by buildings (metres square) 
    over the area of the whole precinct (metres square). 
 
 
Orientation (ORIENT) An urban morphological variable that focuses on  
the orientation of all the spaces in-between (urban 
canyons) the buildings within a precinct, each at  an 
angle to the prevailing wind direction. It is quantified 
by using the Relative Sinuosity Index (Sθ). 
 
 








    Li is the length (metres) of the linear segment i, and 
    θi is the angle (degrees) between the given azimuth 
    (of flow) and the azimuth of linear segment i. It is 
    the summation of all linear canyon segments e.g. 
    Main streets or breezeways, relative to the wind  
    direction and indicates the degree of wind  
    penetration into the whole precinct.  
 
Permeability (PERM)  Defined as the summation of continuous pore space i,
    perpendicular to or an angle to wind direction,  
    describing the corridor for wind flow within the  
    building itself. Li is the length (metres) of the linear 
    segment i (within the building), and θi is the angle 
    (degrees) between the given azimuth (of wind flow) 
    and the azimuth of linear segment i. HD is the  
    hydraulic diameter (metres) of the cross-section area 
    of the opening of continuous pore space i (within the 
    building), which can be described as HD = 2HW/ 
    (H+W). H = average height (metres) of the opening, 
    W = average width (metres) of the opening. 
 




     
     
    But in situations whereby porosity occurring on all 
    the four walls of a building (e.g. HDB void decks or 
    sky gardens) instead of a continuous pore space  
    opening at the front and end only, the opening at the 
Porosity volume within 
all the buildings in the 
precinct (m3) 
Total volume of all the 




    longer side of the building is treated as the width (W) 
    to work out the  HD, together with the height (H) of 
    the pore space. The shorter side of the building will 
    be treated as the length  of the linear pore space (L). 
    In this case (cos θi)2 can be considered as one unit as 
    the four sides of the wall are open for wind to flow in 
    unrestricted. 
 
 
Staggering of Blocks  It is quantified by the Frontal Area Ratio (Afront) 
Arrangement (STAG)  Index ( )[ ] reaTOTALwallaafrontalareinifront AAA /,1=∑= . 
    Afront is defined as the summation of all buildings’ 
    frontal  areas (metres square) that face the wind  
    direction normally, over the total vertical wall area 
    (metres  square) of all buildings within the given site 
    or precinct area. Ai,frontal area is the frontal area of each 
    building i that faces the wind direction normally, and 
    ATOTALwallarea is the total wall area of all the buildings 
    within the given site area.  
 
 
Urban canyon   A relatively narrow street with buildings lined up 

























































































Derivation of Roughness Length (Z0) and Power-law Coefficient (α) 
 
Figure A1-1 shows the published field roughness determinations that were 
gathered for over thirty years from hundreds of field investigators who 
measured the roughness in all possible landscapes. Care was taken to make 
sure that the data were checked for quality in terms of their correct 
documentation of the investigated terrain, adequacy of the observation and 
evaluation methods, proper use of measurement arrays and making sure the 








Power-law Coefficient (α) 
 
The ABL is created by aerodynamic friction resulting from the motion of the 
air relative to the earth’s surface and thermal gradients between the upper 
atmosphere and the surface. The resultant is a vertical wind shear that varies 
not only in magnitude but also in structure. The variation in mean wind speeds 
with height above ground is often defined using the power-law relationship 
(Cochran, 2002).  
 
The magnitude of the power law coefficient (α) may vary between 0.1 in 
exceptionally smooth terrain to approximately 0.35 in very rough terrain such 
as built-up urban areas (Snyder, 1981). An estimate for the value of the power-
law coefficient can be obtained from the surface roughness length (Z0), using 
the relationship from Counihan (Counihan, 1975): 
 
α  = 0.24 + 0.096 log10 Z0 + 0.016(log10 Z0)2 
 = 0.24 + 0.096 log10 (0.50) + 0.016(log10 0.50)2 




Figure A1-2 shows typical values for n (α in this case) and Z0 for various 
terrains ranging from seas to highly built-up urban areas, along with plots of 
the associated vertical velocity profiles.  
 
Figure A1-2: Longitudinal velocity profiles over uniform terrain in neutral flow (n 
here is actually α which is the power-law coefficient) (Cochran, 2002) 
 
 
Turbulence Intensity (TI) 
 
In addition to producing velocity deficit near the surface, the presence of 
aerodynamic friction and thermal gradients are also responsible for the 
creation of atmospheric turbulence (Cochran, 2002). The variation in the 
longitudinal turbulence intensity, TI, within the lower portion of the 
atmospheric boundary layer from 0 to 100m above ground, can be defined 
from the following relationship from Snyder (Snyder, 1981):  
 
TI  = α ln (30/Z0) ÷ ln (Z/Z0) ←valid for Z from 0.0~100.0m above 
ground 
 = 0.21 ln (30/0.50) ÷ ln (100/0.50) 
 = 0.16228 
 ≈ 0.16 (at 100m above ground) 
 
At heights above 100m, Snyder suggests that the turbulence intensity can be 
estimated by assuming a TI value of 0.01 at 600m and assuming a linear 
relationship between 100m and 600m.  
 
From Z > 100m onwards, assume a linear relationship between 100m~600m, 
where at 600m → TI = 0.01 
 
Figure A1-3 shows the corresponding variation in longitudinal turbulence as a 
function of height above ground for the same terrain features shown in vertical 





Figure A1-3: Turbulent intensity profiles over uniform terrain in neutral flow (n here 
is actually α which is the power-law coefficient) (Cochran, 2002) 
 
A reasonable estimate of 0.05 for TI will be suitable for strongly stable wind 
(TI < 0.08) for free-stream air (Wharton and Lundquist, 2012).  
 
Slope  = (0.01-0.16) / (600 – 100) 
 = -0.0003 
 
At TI = 0.05, the height above ground (H) is equal to:  
 
-0.0003 = (0.05 – 0.16) / (H – 100) 
H   = 466.67m ≈ 467m (above ground) 
 
The free stream velocity at 467m is around 5.56m/s (power-law plot from 
BCA’s average wind velocity of 2.7m/s at 15m) (BCA, 2012). Figure A1-4 











Turbulence Kinetic Energy (TKE) and Dissipation Rate (ε) 
 
TKE  = 3/2 (U*TI)2 
 = 3/2 (5.56 * 0.05)2 
 = 0.115926 J/kg 
 ≈ 0.11593 J/kg 
 
ε  = [Cμ3/4 TKE3/2]/L , where L = 0.07*characteristic length.  
= [(0.09)3/4 (0.11593)3/2] / (0.07*500) 
= 1.8530414E-4 J/kg-s 
= 1.85304E-4 J/kg-s 
 
The characteristic length = 500m (longest dimension of the precinct).  
 
 
 
 
 
 
 
 
